The Reactivity of Hydrogen Atoms Produced in the Photolysis of Thiols. by Griffith, Michael Grey
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1968
The Reactivity of Hydrogen Atoms Produced in the
Photolysis of Thiols.
Michael Grey Griffith
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Griffith, Michael Grey, "The Reactivity of Hydrogen Atoms Produced in the Photolysis of Thiols." (1968). LSU Historical Dissertations
and Theses. 1398.
https://digitalcommons.lsu.edu/gradschool_disstheses/1398
This dissertation has been 
microfilmed exactly as received 6 8 -1 0 ,7 4 0
GRIFFITH, Michael Grey, 1941- 
THE REACTIVITY OF HYDROGEN ATOMS 
PRODUCED IN THE PHOTOLYSIS OF THIOLS.
Louisiana State University and Agricultural and 
Mechanical College, Ph.D., 1968 
Chem istry, organic
University Microfilms, Inc., A nn Arbor, M ichigan
THE REACTIVITY OF HYDROGEN ATOMS 
PRODUCED IN THE PHOTOLYSIS OF THIOLS
A. D i s s e r t a t i o n  
u’o n i t t e c  Lo i:hu G ra d u a te  F a c u l t y  o f  tli 
L o u i s i a n a  S t a t e  U n i v e r s i t y  and 
A g r i c u l t u r a l  ar.d M echan ica l  C o l l e g e  
in  p a r t i a l  f u l f i l I n e r t L  o f  th e  
r e q u i r e m e n t s  f o r  th e  d e g r e e  o f  
D oc to r  o t  P h : lo so p h y
i n
H ie  D ep ar tm en t  o f  C h em is t r y
by
M ich a e l  Grey G r i f f i t h
B . S . ,  N o r t h w e s t e r n  U n i v e r s i t y ,  196?) 
J a n u a r y ,  I 9 6 S
To T . G . F .
W i th o u t  whose h e l p  so  many t h i n g s  
would n e v e r  h ave  been  d o n e .
"Ce q u i  n*a  pa s  de s e n s  a  p a r f o i s  une s i g n i f i c a t i o n .  C ' e s t  l a  
s e u l e  j u s t i f i c a t i o n  d ' u n  a c t e  g r a t u i t . "
M au r ice  Herzog
ACKNOWLEDGMENTS
To P r o f e s s o r  W i l l i a m  A. P r y o r  w i t h  d e e p e s t  g r a t i t u d e  f o r  h i s  
g u id a n c e  and  s i n c e r e  i n t e r e s t  d u r i n g  t h e  c o u r s e  o f  t h i 3  i n v e s t i g a t i o n ,  
To my w i f e ,  Donna ,  f o r  h e r  h e l p  i n  p r e p a r i n g  t h e  m a n u s c r i p t  and 
f o r  h e r  p a t i e n c e  and e n c o u r a g e m e n t ,
To my s o n ,  S c o t t ,  who unknow ing ly  s e r v e d  a s  an  i n s p i r a t i o n  
d u r i n g  t h e  l a s t  s e v e n  months  o f  t h e  s t u d y ,
To t h e  N a t i o n a l  I n s t i t u t e s  o f  H e a l t h  f o r  a  f e l l o w s h i p ,  1966-S j ,
To t h e  C h a r l e s  E .  C o a t e s  Memorial  Fund o f  t h e  L .S .U .  F o u n d a t i o n  
f o r  f i n a n c i a l  a s s i s t a n c e  i n  p r e p a r a t i o n  o f  t h e  D i s s e r t a t i o n ,
The a u t h o r  w i s h e s  t o  e x p r e s s  h i s  s i n c e r e  a p p r e c i a t i o n  and t h a n k s .
i i
TABLE OF CONTENTS
ACKNOWLEDGEMENTS ................................................................................................................  i i
LIST OF TABLES...........................................................................................................................  v
LIST OF FIGURES............................................................................................................................
ABSTRACT..................................................................................................................................   x
CHAPTER I .  INTRODUCTION ..................................................................................................  1
R e f e r e n c e s  f o r  C h a p t e r  I ......................................................................   16
CHAPTER I I .  RESULTS AND DISCUSSION......................................................................... 18
The M e c h a n i s m ...............................................................................................................  18
P r o o f  o f  t h e  M echanism............................................................................................ 21
I s o t o p e  E f f e c t s  ..........................................................................................................  29
S e l e c t i v i t y  o f  t h e  Hydrogen Atom.................................................................... 33
R easons  f o r  S e l e c t i v i t y  .......................................................................................  36
P o l a r i t y  o f  Hydrogen A t o m ..................................................................................  42
A c t i v a t i o n  E n e r g i e s  ................................................................................................. 47
A d d i t i o n  t o  A ro m a t i c  R i n g s ..................................................................................  49
S t u d i e s  a t  o t h e r  W a v e l e n g t h s .............................................................................  62
R e f e r e n c e s  f o r  C h a p t e r  I I ..................................................................................  69
CHAPTER I I I .  EXPERIMENTAL............................................................................................  73
A n a l y t i c a l .....................................................................................................................  73
K i n e t i c  R u n s ....................................................................................................................  75
P r o c e d u r e s  Used i n  P r e p a r i n g  S u b s t r a t e s  f o r
A c t i v i t y  D e t e r m i n a t i o n s  ..................................................................................  77
n - P r o p a n e t h i o l  ................................................................................................. 77
T o l u e n e ..................................................................................  73
T o lu en e  C o n t r o l s  ........................................................................................  79
E t h y l b e n z e n e  . . . . . . . . . . . . .  ......................................  80
C u m e n e ....................................................................................................................  82
D i o x a n e ............................................................................................................   83
C y c l o h e x a n e ..........................................................................................................  84
2 - P r o p a n o l ..........................................................................................................  84
i l l
Page
E t h a n o l ..................................................................................................................... 86
M e t h a n o l ...........................................................................   86
B enzyl  A l c o h o l  .............................................................................................  89
D o d e c a n e ...............................................................................................................  92
2 , J -D im eth y lbu tane  .......................................................................................  92
H e x a n e ................................................................................................................  93
p - X y l e n e ...........................................................................................................  93
p-Methoxy t o l u e n e ........................................................................................  95
H a l o g e n o t o l u e n e s  ........................................................................................  96
p - N i t r o t o l u e n e  ................................................................................................  100
M ethy l  p - t o l u a t e   .................................................................................... 100
B en z e n e .......................................................................................................................1014-
A n a l y s i s  o f  t h e  D a t a ...................................................................................................104
R e f e r e n c e s  f o r  C h a p t e r  I I I .................................................................................  109
CHAPTER IV. APPENDIX.............................................................................................................110
V I T A ................................................................................................................................................... 175
iv
LIST OF TABLES
Page
CHAPTER I .  INTRODUCTION
TABLE I  R a t e  C o n s t a n t s  f o r  R e a c t i o n s  3 and
A l k a n e s  and  A lk e n e s  i n  t h e  Gas Phase  a t  2 3 . 5 °  3
TABLE I I  R e l a t i v e  R a t e s  o f  A d d i t i o n  o f  H* to  Sub­
s t r a t e s  S i n  Aqueous  S o l u t i o n  . . . . . . . .  7
TABLE I I I  R e l a t i v e  R a t e s  o f  Hydrogen A b s t r a c t i o n  by
H* i n  Aqueous  S o l u t i o n .........................................  10
TABLE IV R a t e s  o f  H* R e a c t i o n s  w i t h  S O b ta in e d  f rom
from  t h e  R a d i o l y s i s  o f  Hexane S o l u t i o n s  . . .  12
CHAPTER I I .  RESULTS AND DISCUSSION
TABLE I  R e l a t i v e  R a t e s  o f  Hydrogen A b s t r a c t i o n s  o f
Hydrogen Atoms f rom  V a r i o u s  S u b s t r a t e s  a t  L0°
U s i n g  3000Jl L i g h t ................................................... 2 6
TABLE I I  A C om par ison  w i t h  D a ta  from Aqueous S o l u t i o n .  28
TABLE I I I  I s o t o p e  E f f e c t s  f o r  Hydrogen  A b s t r a c t i o n s
f rom  T h i o l s  by V a r io u s  R a d i c a l s  .............................. 31
TABLE IV A b s o l u t e  R a t e  C o n s t a n t s  f o r  Hydrogen Ab­
s t r a c t i o n  by Hydrogen Atoms a t  4 0 ............ 32
TABLE V S e l e c t i v i t y  o f  Hydrogen  Atom i n  Hydrogen
A b s t r a c t i o n s .................................................................  3^ -
TABLE VI A C om par i son  o f  R a t e s  o f  Hydrogen A b s t r a c t i o n s
o f  B e n z y l i c  Hydrogens  ( P e r  Hydrogen)  by 
V a r i o u s  F r e e  R a d i c a l s ......................................... 33
TABLE V I I  E n e r g e t i c s  f o r  t h e  R e a c t i o n s  o f  T h ree  R a d i ­
c a l s  w i t h  S im p le  A lk a n e s  i n  t h e  Gas Phase  . . 37
TABLE V I I I  P o l a n y i  P a r a m e t e r s  f o r  t h e  R e a c t i o n s  o f  H*,
CH3 - ,  and  Br» w i t h  A l k a n e s  i n  t h e  Gas Phase  . UO
TABLE IX D a ta  f o r  Hammett P l o t  o f  t h e  R e a c t i o n  o f  H*
w i t h  S u b s t i t u t e d  T o l u e n e s ............................................
TABLE X Hammett p V a lu es  f o r  Hydrogen A b s t r a c t i o n s
f rom  S u b s t i t u t e d  T o l u e n e s  by V a r io u s  R a d i c a l s  k6
TABLE XI A c t i v a t i o n  E n e r g i e s  f o r  Hydrogen A b s t r a c t i o n s
by H* M easured  by t h e  D i s c h a r g e  Tube Method . ^8
TABLE X I I  D a ta  F o r  and From t h e  A r r h e n i u s  P l o t  f o r
Hydrogen  A b s t r a c t i o n  f rom  C y c lo h ex an e  by H* . 51-
TABLE X I I I  V a lu e s  o f  t h e  S l o p e s  O b t a i n e d  f rom P l o t s  f o r
T o t a l ,  R i n g ,  and  S id e  C h a in  A c t i v i t i e s  o f  
T o l u e n e ..............................................................................    53
v
Page
TABLE VIV R e l a t i v e  R a t e s  o f  A d d i t i o n  o f  Hydrogen Atoms 
t o  A rom at ic  S u b s t r a t e s  a t  40° U s ing  JQQOA 
L i g h t ........................................................................................... 56
TABLE XV A Comparison  o f  A d d i t i o n  R a te s  w i t h  Those
from Aqueous R a d i o l y s i s   ......................................  59
TABLE XVI R a t e s  o f  A d d i t i o n  of  Hydrogen Atom t o  A ro ­
m a t i c  S u b s t r a t e s  R e l a t i v e  to  Benzene.  . . . .  61
TABLE XVII R a t i o s  o f  t h e  S lo p e s  o f  Ring  and S id e  Chain
A c t i v i t y  P l o t s  f o r  To luene  a t  JOOok and 
25 37A ...........................................................................................  6b
TABLE XVIII C o r r e l a t i o n  Between th e  D e c rea se  i n  Benzene
C o n c e n t r a t i o n  and S p e c i f i c  A c t i v i t y  o f  a  
Sample o f  T o l u e n e /T h io p h e n o l  I r r a d i a t e d  a t  
3500A and 1 + 0 ° ........................................................................ 65
CHAPTER I I I .  EXPERIMENTAL
TABLE I  Data  f o r  E f f i c i e n c y  P l o t  o f  March 15 , 19^7* • 7^ -
TABLE I I  A c t i v i t y  o f  T o luene  A f t e r  S u c c e s s i v e
D i s t i l l a t i o n s  ........................................................................ 8 l
TABLE I I I  E f f e c t  o f  R e c r y s t a l l i z a t i o n s  on th e  S p e c i f i c
A c t i v i t y  o f  P h e n y l u r e t h a n e s  o f  2 - P r o p a n o l  . . 87
TABLE IV E f f e c t  of  R e c r y s t a l l i z a t i o n s  on th e  S p e c i f i c
A c t i v i t y  o f  P h e n y l u r e t h a n e s  o f  E t h a n o l .  . . .  88
TABLE V E f f e c t  o f  R e c r y s t a l l i z a t i o n s  on th e  S p e c i f i c
A c t i / i t y  o f  th e  P h e n y l u r e t h a n e s  o f  Methanol . 90
TABLE VI E f f e c t  o f  R e c r y s t a l l i z a t i o n s  on th e  S p e c i f i c
A c t i v i t y  o f  P h e n y l u r e t h a n e s  o f  Benzyl  A lc o h o l  91
TABLE VII  D i s t r i b u t i o n  of  T r i t i u m  A c t i v i t y  i n  t h e
C le av a g e  P r o d u c t s  o f  p - M e t h y l a n i s o l e .................... 97
TABLE V I I I  P r o d u c t i o n  of  HX from Samples C o n t a i n i n g
H a l o g e n o t o l u e n e s .  ..............................................................  99
TABLE IX S p e c i f i c  A c t i v i t i e s  o f  p - T o l u i c  A c ids  and Di-
m e t h y l t e r e p h t h a l a t e s  from t h e  K i n e t i c  Runs 
w i t h  Methyl p - T o l u a t e  ..................................................... 103
TABLE X Methy l  p - T o l u a t e  T o t a l ,  R in g ,  and S id e  Chain
A c t i v i t i e s .................................................................................  105
CHAPTER IV. APPENDIX
TABLE I  QH i s  T o lu e n e ;  2537A; 7 0 ° ..............................................  112
TABLE I I  QH i s  T o l u e n e ;  350o l; 4 0 ° ..............................................  115
TABLE I I I  QH i s  T o lu e n e ;  3500A; J+0°  ...........................................  118
TABLE IV QH i s  T o l u e n e ;  3000A; I f O ° ..............................................  121
vi
Pflxe
TABLE V QH i s  E t h y l b e n z e n e ; 3OO0A; 4 0 ° .  . . . . . . .  124
TABLE VI QH i s  Cumene; 3000A; 4 0 ° .................................................  127
TABLE V I I  QH i s  D io x a n e ;  3000A; 4 0 ° ............................................  130
TABLE V I I I  QH i s  M e th a n o l ;  3OOOA; 4 0 ° ............................................  133
TABLE IX QH i s  E t h a n o l ;  3OO0A; 4 0 ° ............................................. I 36
TABLE X QH i s  2 - P r o p a n o l ;  3000&; 1+0°........................................  139
TABLE XI QH i s  Benzy l  A l c o h o l ;  3000A; 4 0 ° ..............................  142
TABLE X I I  QH i s  C y c l o h e x a n e ;  3000A; 4 0 ° ...................................  145
TABLE X I I I  QH i s  Hexane; 3000A; 4 0 ° .................................................. 148
TABLE XIV QH i s  D o d e ca n e ; 3000A; 4 0 ° ............................................. 151
TABLE XV QH i s  2 , 3 - D i m e t h y l b u t a n e  ; 3000A; 4 0 ° .......................  1?4
TABLE XVI QH i s  p - M e t h o x y t o l u e n e ;  3OO0A,; 4 0 ° .......................... 157
TABLE XVII QH i s  p - X y le n e ;  3000A; 4 0 ° .............................................  160
TABLE XVIII  QH i s  M ethy l  p - T o l u a t e ;  3000A; 4 0 ° .......................... 163
TABLE XIX QH i s  B en zen e ;  3000A; 4 0 ° .............................................  166
TABLE XX QH i s  C y c l o h e x a n e ;  3000A; 1 0 ° ...................................  169
TABLE XXI QH i s  C y c l o h e x a n e ;  3000A; 7 I . 50 ..............................  172
v i i
LIST OF FIGURES
Page
CHAPTER I .
CHAPTER I I .
F i g u r e  l a  P l o t #o f  E q u a t i o n  (13 )  f o r  QH = C y c l o h e x a n e ;
3000A; 4 o ° ......................................................................  24
F i g u r e  l b  P l o t  o f  E q u a t i o n  ( l 6 ) f o r  t h e  T h i o l  A l k y l
Group when QH = C y c l o h e x a n e ;  3000A; 4 0 ° .  . . .  25
F i g u r e  2  P o l a n y i  P l o t  f o r  T h ree  R a d i c a l s ....................................  59
F i g u r e  5 Hammett P l o t  f o r  t h e  R e a c t i o n  o f  Hydrogen
Atom w i t h  S u b s t i t u t e d  T o l u e n e s   ....................  45
F i g u r e  4 A r r h e n i u s  P l o t  f o r  t h e  R e a c t i o n  o f  Hydrogen
Atom w i t h  C y c l o h e x a n e ..................................  50
F i g u r e  5 P l o t  o f  t h e  K i n e t i c  R e l a t i o n s h i p s  f o r  T o lu e n e
T o t a l ,  R in g ,  and S i d e  C h a in  A c t i v i t i e s  . . . .  54
CHAPTER I I I .
CHAPTER IV.
F i g u r e  l a  QH i s  T o l u e n e ;  T h i o l  i s  T h i o p h e n o l ;  2537^ ;
7 0 ° .  T o t a l  A c t i v i t y ............................................................ 113
F i g u r e  l b  QH i s  T o l u e n e ;  T h i o l  i s  T h i o p h e n o l ;  2 5 3 7 ^ ;
7 0 ° .  R ing  and S i d e  C ha in  A c t i v i t i e s ..................... 114
F i g u r e  2 a  QH i s  T o l u e n e ;  T h i o l  i s  T h i o p h e n o l ;  3500&;
4 0 ° .  R in g  A c t i v i t y ................................................................. 116
F i g u r e  2b T h i o p h e n o l  R ing  A c t i v i t y  v s .  T o l u e n e ;
3500A; U0 ° ...................................................................................  117
F i g u r e  3s  QH i s  T o l u e n e ;  3500A; 4 0 ° ................................................ 119
F i g u r e  34 T h i o l  A l k y l  Group v s .  T o l u e n e ;  3500A; 4 0 ° .  . . 120
F i g u r e  4a  QH i s  T o l u e n e ;  3000A; 4 0 ° ................................................ 122
F i g u r e  4b T h i o l  A l k y l  Group v s .  T o l u e n e ;  3000A; 4 0 ° .  . . 123
F i g u r e  5a  QH i s  E t h y l b e n z e n e ; 3OO0 A.; 4 0 ° ....................................  125
F i g u r e  54 T h i o l  A l k y l  Group v s .  E t h y l b e n z e n e ;  3000A; 40°  126
F i g u r e  6a  QH i s  Cumene; 3000A; 4 0 ° .................................................. 128
F i g u r e  6 b T h i o l  A l k y l  Group v s .  Cumene; 3C00A; 4 0°  . . . 129
F i g u r e  7a  QH i s  D io x a n e ;  3000A; 4 0 ° ...............................................  131
F i g u r e  7b T h i o l  A lk y l  Group v s .  D io x a n e ;  3000A; 4 0 ° .  . . 132
F i g u r e  8a  QH i s  m e t h a n o l ;  3000A; 4 0 ° ............................................. 13^
v i l i
F i g u r e  8 b T h i o l  A l k y l  Group v s .  M e t h a n o l ;  3000& \ kQ°. . . 135
F i g u r e  9 a  QH i s  E t h a n o l ;  3000A; 1 + 0 ° ..............................................137
F i g u r e  9b T h i o l  A l k y l  Group v s .  E t h a n o l ;  3000A; 40°  . . . 138
F i g u r e  10a QH i s  2 - P r o p a n o l ;  y)Q0k\ kO° ....................................... 1^0
F i g u r e  10b T h i o l  A l k y l  Group v s .  2 - P r o p a n o l ;  3 0 0 0 i ;  4 0 ° .  . 141
F i g u r e  11a QH i s  B en zy l  A l c o h o l ;  3000A; 4 0 ° ............................... ll+3
F i g u r e  l i b  T h i o l  A l k y l  Group v s .  B enzy l  A l c o h o l ;  3000^* ^0°  1 ^
F i g u r e  12a QH i s  C y c l o h e x a n e ;  3000^-V ^ 0 ° ...................................1^6
F i g u r e  12b T h i o l  A l k y l  Group v s .  C y c l o h e x a n e ;  3000&; *+0° . lVf
F i g u r e  13a QH i s  Hexane ;  3000^;  MD°.................................................1^9
F i g u r e  13b T h i o l  A l k y l  Group v s .  Hexane; 3000-&» ^ 0 ° .  . . . 150
F i g u r e  l ta .  QH i s  D odecane;  3000A; ^ 0 ° ............................................ 152
F i g u r e  l 4 b  T h i o l  A l k y l  Group v s .  D odecane ;  3Q00A; V 0 ° . . . 153
F i g u r e  15a QH i s  2 , 3 - D i m e t h y l b u t a n e ; 3000A; ^ 0 ° .................  155
F i g u r e  15b T h i o l  A l k y l  Group v s .  2 ,3 “D i m e t h y l b u t a n e ;
3000JL; 1+00 ............................................................................................ 156
F i g u r e  l 6 a QH i s  p - M e t h o x y t o l u e n e ; 3000A; UO0 ...................... 158
F i g u r e  l 6b T h i o l  A l k y l  Group v s .  p - M e t h o x y t o l u e n e ;
3000A; 4 0 ° ............................................................................................ 159
F i g u r e  17a QH i s  p - X y l e n e ;  3000A; ^ 0 ° ............................................ l 6 i
F i g u r e  17b T h i o l  A l k y l  Group v s .  p - X y l e n e ;  3000A; ^ 0 ° .  . . 162
F i g u r e  18a QH i s  M ethy l  p - T o l u a t e ;  3000A; 4 0 ° ......................  164
F i g u r e  18b T h i o l  A l k y l  Group v s .  M ethy l  p - T o l u a t e ;
3000A; 14-06 ............................................................................................ 165
F i g u r e  19a QH i s  B en zen e ;  3 0 0 0 ^ ’» ^ 0 ° ........................................ ........  1^7
F i g u r e  19b T h i o l  A l k y l  Group v s .  B enzene;  3000A; k0°  . . .  168
F i g u r e  20a  QH i s  C y c l o h e x a n e ;  3000A; 1 0 ° ...................................170
F i g u r e  20b T h i o l  A l k y l  Group v s .  C y c l o h e x a n e ;  30Q0A; 10° . 171
F i g u r e  21a  QH i s  C y c l o h e x a n e ;  3000A; 71*5° ................................... 173
F i g u r e  21b T h i o l  A l k y l  Group v s .  C y c l o h e x a n e ;  3000A; 7 1 - 5 °  17^
ix
ABSTRACT
T h i o l s ,  t r i t i a t e d  a t  t h e  S-H b o n d ,  have  b e en  p h o t o l y z e d  a t  t h r e e  
d i f f e r e n t  w a v e l e n g t h s  i n  t h e  p r e s e n c e  o f  v a r i o u s  o r g a n i c  h y d ro g e n  
d o n o r s  QH. A m a j o r i t y  o f  t h e  e x p e r i m e n t s  w e re  done w i t h  p r o p a n e t h i o l  
a t  4 0 ° C . and JOOOA. T r i t i u m  becomes i n c o r p o r a t e d  b o t h  i n t o  t h e  t h i o l  
a l k y l  g roup and i n t o  QH. A mechanism i s  p ro p o s e d  which s u g g e s t s  t h a t  
h y d ro g e n  atoms p roduced  by p h o t o l y s i s  o f  t h e  t h i o l  S-H bond a b s t r a c t  
h y d ro g e n  from QH w i t h  r a t e  c o n s t a n t  k ^ :
K.
H* +  QH ------->  H2  + Q*
The r e s u l t a n t  r a d i c a l  i s  s cav en g ed  by t h e  t h i o l  t o  r e g e n e r a t e  t h e  
h y d ro g e n  d o n o r .  S i n c e  t r i t i u m  i s  p r e s e n t  i n  t r a c e r  a m o u n t s ,  t h i s  s t e p  
som et im es  i n c o r p o r a t e s  t r i t i u m  l a b e l i n g  i n t o  t h e  s u b s t r a t e :
Q* + PrST -• QT + PrS*
The s t e a d y  s t a t e  a s s u m p t i o n  i n  Q* p r e d i c t s  t h e  r a t e s  o f  t h e s e  two r e ­
a c t i o n s  t o  be e q u a l ,  a l t h o u g h  a c o r r e c t i o n  f o r  a n  i s o t o p e  e f f e c t  I  
m us t  be made on t h e  second  r e a c t i o n .  A r e l a t i o n  i s  d e r i v e d  f o r  t h e  
r a t e  o f  f o r m a t i o n  o f  l a b e l e d  QH ( i . e . ,  d ( Q T ) / d t )  w h ich  a l l o w s  t h e  
q u a n t i t y  k ^ I  t o  be m e a s u r e d ,  and t h e  d a t a  a r e  shown t o  obey t h e  r e ­
l a t i o n .
I n  o r d e r  t o  a v o id  e r r o r s  p roduced  by c h an g e s  i n  l i g h t  f l u x  from 
one e x p e r i m e n t  to  t h e  n e x t ,  t h e  r a t e  o f  f o r m a t i o n  o f  QT i s  measured  
r e l a t i v e  t o  t h e  r a t e  o f  f o r m a t i o n  o f  a l k y l  l a b e l e d  t h i o l .  R e l a t i v e  
r a t e s  a r e  o b t a i n e d  i n  t h i s  manner w i t h  t h e  a s s u m p t i o n  t h a t  t h e  i s o ­
to p e  e f f e c t  r e m a in s  r e l a t i v e l y  c o n s t a n t  a s  QH i s  v a r i e d .  I n  s u p p o r t  
o f  t h i s  a s s u m p t i o n  and a s  p r o o f  o f  t h e  mechanism,  r e l a t i v e  k^ v a l u e s
f o r  t h e  w a t e r  s o l u b l e  s u b s t a n c e s  m e t h a n o l ,  e t h a n o l ,  2 - p r o p a n o l ,  and 
d i o x a n e  a r e  i n  e x t r e m e l y  c l o s e  a g r e e m e n t  w i t h  r e l a t i v e  r a t e s  d e r i v e d  
from r a d i o l y s i s  s t u d i e s  o f  aq u eo u s  s o l u t i o n s .  These  s t u d i e s  i n v o l v e  
no i s o t o p e  e f f e c t  and  a r e  a g r e e d  t o  g iv e  r a t e  c o n s t a n t s  f o r  t h e  r e a c ­
t i o n s  o f  h y d ro g e n  a t o m s .
S t u d i e s  w i t h  t o l u e n e ,  e t h y l b e n z e n e ,  and cumene show t h e  h y d ro g e n  
a tom t o  be a  h i g h l y  s e l e c t i v e  f r e e  r a d i c a l ;  e . g . ,  t h e  t e r t i a r y  b e n z y l i c  
h y d ro g e n  on  cumene i s  a b s t r a c t e d  166 t im e s  more r e a d i l y  t h a n  one o f  t h e  
p r im a ry  b e n z y l i c  h y d r o g e n s  on t o l u e n e .  The same p a t t e r n  i s  f o l l o w e d  
w i t h  the  s e r i e s  o f  a l c o h o l s  p r e v i o u s l y  e n u m era te d  and w i t h  t h e s e  a l ­
k a n e s :  c y c l o h e x a n e ,  h e x a n e ,  d o d e c a n e ,  and 2 , 3 “d i m e t h y l b u t a n e .  T h i s
u n u s u a l  b e h a v i o r  i s  a t t r i b u t e d  t o  r e l i e f  o f  back  s t r a i n  i n  t h e  h y d r o g e n  
d o n o r  a s  bond s t r e t c h i n g  b e g i n s  and a  p l a n a r  c o n f i g u r a t i o n  i s  a p p r o a c h e d .  
Hydrogen a tom i s  t h e  s m a l l e s t  p o s s i b l e  f r e e  r a d i c a l  and  t h u s  o f f e r s  t h e  
l e a s t  i n t e r f e r e n c e  t o  f l a t t e n i n g  o f  t h e  t e t r a h e d r o n .
Hydrogen a tom  i s  shown t o  be a n  e l e c t r o p h i l i c  r a d i c a l .  I t  f o l l o w s  
t h e  Hamnet t  e q u a t i o n  in  t h e  r e a c t i o n s  o f  s u b s t i t u t e d  t o l u e n e s  w i t h  a 
p ■ - 0 . 7 , and  a t t a c k s  t h e  e l e c t r o n - r i c h  a r o m a t i c  n u c l e u s  o f  t o l u e n e  lO3 
t i m e s  f a s t e r  t h a n  i t  a b s t r a c t s  h y d ro g e n  f rom  t h e  m e th y l  g r o u p .  R e l a t i v e  
r a t e s  o f  a d d i t i o n  t o  a r o m a t i c  r i n g s  a r e  a l s o  g i v e n ,  and  t h e  r e s u l t s  
show t h a t  e l e c t r o n  r e l e a s i n g  s u b s t i t u e n t s  i n c r e a s e  t h e  r a t e .
A l i m i t e d  number o f  e x p e r i m e n t s  w ere  c o n d u c te d  w i t h  t h i o p h e n o l  
a t  2537^  a n d 3500^ ,  and t h e  k i n e t i c  r e l a t i o n s h i p  i s  obeyed u n d e r  t h e s e  
c o n d i t i o n s .  The s low r a t e  o f  p h o t o l y s i s  o f  p r o p a n e t h i o l  a t  3500^ c a u s e s  
c u r v a t u r e  i n  t h e  s t r a i g h t - l i n e  r e l a t i o n s h i p .  A t su ch  low r a d i c a l  conr  
c e n t r a t i o n s ,  t h e  t h i y l  r a d i c a l s  a r e  n o t  e f f e c t i v e l y  removed by d i m e r i -  
z a t i o n  and  th u s  compete  w i t h  h y d ro g e n  a tom f o r  t h e  h y d r o g e n  d o n o r s .
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CHAPTER I  
INTRODUCTION
Hydrogen a toms  a r e  f r e e  r a d i c a l s ,  and  t h u s  und e rg o  r e a c t i o n s  
t y p i c a l  o f  f r e e  r a d i c a l s .  Hydrogen a toms h a v e  been  o b s e r v e d  t o  a b ­
s t r a c t  h y d ro g e n  o r  h a l o g e n ,  t o  add  t o  d o u b l e  b o n d s ,  and t o  add  to  
a r o m a t i c  r i n g s .  S t u d i e s  h a v e  b e e n  p e r fo rm e d  i n  t h e  gas  p h a se  and  i n  
b o t h  aqueous  and o r g a n i c  s o l u t i o n s .  R e s u l t s  o b t a i n e d  f rom t h e  l a t t e r  
h a v e  r e c e n t l y  b e en  q u e s t i o n e d ,  h o w e v e r ,  so  t h a t  a t  t h e  p r e s e n t  t im e  
t h e r e  a r e  no r e l i a b l e  d a t a  i n  t h i s  a r e a .
Yang h a s  d e s c r i b e d  r e a c t i o n s  o f  h y d r o g e n  a tom s  i n  t h e  gas  phase  
i n  which  h e  o b s e r v e s  b o th  h y d ro g e n  a b s t r a c t i o n  and a d d i t i o n  r e a c t i o n s 1 . 
The method he  employed was to  s u b j e c t  an  a l k a n e , M, t o  gamma r a y s  from 
a  Co®° s o u r c e .  R a d i o l y s i s  o f  M p ro d u c e d  b o th  h y d ro g e n  a tom s  and m o le ­
c u l a r  h y d r o g e n ,  H^:
M V rays > H* +  p r o d .  (1 )
M Y r a y s  >  + pro(j .  ( 2 )
The a l k a n e  and  an  added  s c a v e n g e r ,  which  u s u a l l y  was an  o l e f i n ,  t h e n  
competed  f o r  t h e  h y d ro g e n  a tom s i n  t h i s  m anner :
H* + M -* H2 + R* (3)
H* + S -  R'* (U)
H* + S -  H2  +  S ' *  ( 5 )
w here  S i s  t h e  s c a v e n g e r  and R * , R ' * ,  and s ' *  a r e  r a d i c a l s  w h ich  r e ­
s u l t  from t h e  p a r t i c u l a r  r e a c t i o n .  The s t e a d y  s t a t e  a p p r o x i m a t i o n  In  
H* g i v e s  t h i s  e q u a t i o n  a f t e r  r e a r r a n g e m e n t :
‘  (5ifiy)(k3/k4>or} + g^ h7Ci + (Wk*)] (6)
where  G(H2 )o 1® t h e y i e l d  o f  Hg i n  p u r e  M (G v a l u e s  a r e  y i e l d s  i n
m o l e c u l e s  p e r  100 e v ) , G(He ) i s  t h e  y i e l d  o f  H2 i n  t h e  p r e s e n c e  o f  
s c a v e n g e r  S ,  G ^ h )  i s  t h e  y i e l d  o f  H* from r e a c t i o n  1 ,  (m) and (s)  a r e  
m o la r  c o n c e n t r a t i o n s ,  and k^ i s  t h e  r a t e  c o n s t a n t  f o r  r e a c t i o n  number 
i .  T h i s  e q u a t i o n  was o r i g i n a l l y  d e r i v e d  by  H ardwick2 , whose work i n  
o r g a n i c  s o l u t i o n  w i l l  be  d i s c u s s e d  l a t e r .
A p l o t  o f  t h e  l e f t  hand s i d e  o f  e q u a t i o n  ( 6 ) v e r s u s  ( m ) / ( S )  s h o u ld  
y i e l d  a  s t r a i g h t  l i n e  whose s l o p e  g i v e s  t h e  r a t i o  o f  r a t e  c o n s t a n t s  f o r  
r e a c t i o n s  3 ai*d U. Yang a l s o  o b t a i n e d  A r r h e n i u s  p a r a m e t e r s  by p l o t t i n g  
l n ( k 3 / k 4 ) v e r s u s  1 /T .  Both  p l o t s  y i e l d  good s t r a i g h t  l i n e s  and r e a s o n ­
a b l e  r e s u l t s ,  and he  c o n c lu d e d  from t h i s  t h a t  r e a c t i o n s  1-5  c o r r e c t l y  
r e p r e s e n t  t h e  mechanism.
I t  was found t h a t  t h e  r a t i o  k 5 / k 4 was d i f f i c u l t  t o  d e t e r m i n e  due 
t o  wide  v a r i a t i o n s  i n  t h e  i n t e r c e p t .  In  f a c t ,  t h e  i n t e r c e p t  was so 
c l o s e  t o  l /G j^ H )  t h a t  k 5 / k 4 was assumed t o  be s m a l l  compared t o  u n i t y  
so  a s  t o  s i m p l i f y  e q u a t i o n  ( 6 ) .
I n  one s e t  o f  e x p e r i m e n t s ,  M was p r o p a n e  and S was v a r i e d 1*5, and 
i n  a n o t h e r  s e t ,  3 was p r o p y l e n e  and  d i f f e r e n t  a l k a n e s  (m ) w ere  u s ed 1 0 . 
Some o f  t h e  d a t a  a r e  summarized i n  T a b le  I .
The d a t a  show t h a t  a d d i t i o n  i s  h i g h l y  f a v o r e d  o v e r  h y d r o g e n  a b ­
s t r a c t i o n ,  and th e y  a l s o  i l l u s t r a t e  t h e  g r e a t  s e l e c t i v i t y  i n  h y d ro g e n  
a b s t r a c t i o n s .  On a  p e r  h y d r o g e n  b a s i s ,  t h e  r a t i o  o f  1 ° : 2 ° : 3 °  h y d ro g e n  
a b s t r a c t i o n s  i s  1:1+8-72:760* The r a n g e  q u o te d  f o r  s e c o n d a r y  h y d ro g e n s  
i s  a  r e s u l t  o f  t h e  d i f f e r e n t  a n sw e rs  o b t a i n e d  when t h e  2°  h y d ro g e n s  on 
p r o p a n e  and  b u t a n e  a r e  compared .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
h y d r o g e n  a toms add t o  ben zen e  o n ly  a b o u t  10 t im e s  a s  f a s t  a s  t h e y  
a b s t r a c t  t h e  t e r t i a r y  h y d ro g e n  from i s o b u t a n e ,  and t h a t  1 , 3 ' b u t a d i e n e  
i s  a b o u t  400 t im e s  a s  r e a c t i v e  a s  b enzene  tow ard  a d d i t i o n .  I t  i s
3TABLE I
RATE CONSTANTS FOR REACTIONS 3 AND 
ALKANES AND ALKENES IN THE GAS PHASE AT 2 5 - 5 °  ^
M S
k 3 x  10“® ^  
( c c / m o l e - s e c )
k* x 10‘ l l ( b )  
( c c / m o l e - s e c )
P r o p a n e 1 B u t a d i e n e ----- 3 7 -T
P ro p an e I s o b u t y l e n e ----- 2 7 .6
P ropane P r o p y l e n e ----- 2 . 9
Pro p an e E t h y l e n e ----- 1 . 9
P ropane Benzene ----- .1
E t h a n e P r o p y l e n e .08 —
Pro p an e P r o p y l e n e 2 . 0 —
Butane P r o p y le n e 2 - 5 —
I s o b u t a n e P r o p y le n e 10. —
( a )  R e f .  l b , c .
( b )  A b s o l u t e  r a t e  c o n s t a n t s  w ere  c a l c u l a t e d  f rom  a  v a l u e  o f  k* f o r  
p r o p y l e n e  o b t a i n e d  by A. B. C a l l e a r  and J .  C. R obbs ,  T r a n s .  
F a r a d a y  S o c . ,  % l t 638 (1955)*
a p p a r e n t  t h a t  a d d i t i o n  t o  o l e f i n s  i s  f a v o r e d  o v e r  a d d i t i o n  to  a r o -  
m a t i c s  b e c a u s e  o f  e n e r g e t i c  c o n s i d e r a t i o n s ,  s i n c e  l o s s  o f  r e s o n a n c e  
e n e r g y  o c c u r s  upon a d d i t i o n  o f  H* t o  b e n z e n e .
C l a r k  and  T e d d e r  h a v e  s t u d i e d  t h e  v a p o r  p h a s e  r e a c t i o n  o f  h y d r o g e n  
a tom s  w i t h  v a r i o u s  h a l o - m e t h a n e s 3 , and  h a v e  o b s e r v e d  h a l o g e n  a s  w e l l  
a s  h y d r o g e n  a b s t r a c t i o n .  They o b s e r v e d  much lo w e r  s e l e c t i v i t i e s  t h a n  
Yang n o t e d  w i t h  h i s  s e r i e s  o f  h y d r o c a r b o n s .  F o r  e x a m p l e ,  t h e  r e l a t i v e  
r a t e s  o f  c h l o r i n e  a b s t r a c t i o n  a r e  CCl2 B r - C l , 1 ;  CDC12 -C 1 ,  1 . 2 ;  CCI3 - C I ,  
1*3; C C l ^ F - C l ,  2 . 0 ;  and  t h e  r e l a t i v e  r a t e s  o f  h a l o g e n  ( h y d r o g e n )  a b ­
s t r a c t i o n  f rom  t h e  same m o l e c u l e  a r e  l*5~3-*6> j / k ^ , 3*3"
3 .4 ;  4 .7 *
R a d i o l y s i s  o f  a q u e o u s  s o l u t i o n s  p r o d u c e s  a  number o f  p r o d u c t s  and 
r e a c t i v e  i n t e r m e d i a t e s 4 , some o f  w h ic h  a r e  g i v e n  i n  e q u a t i o n  ( 7 ) :
H20  , r a d i o l y s i s  >  H. QH. ^ ^  e ~^ h 2o 2 , i o n s  ( 7 )
The p r e s e n c e  o f  t h e s e  v a r i o u s  r e a c t i v e  s p e c i e s ,  p a r t i c u l a r l y  t h e  e l e c ­
t r o n ,  c a u s e s  p r o b le m s  when h y d r o g e n  a tom  r e a c t i o n s  a r e  t o  be s t u d i e d .  
S i n c e  b o t h  a r e  r e d u c i n g  s p e c i e s ,  any  compound c o n t a i n i n g  a  d o u b l e  bond 
t e n d s  t o  be  r e d u c e d  by b o t h ,  and  d i f f i c u l t i e s  a r e  e n c o u n t e r e d  i n  
s e p a r a t i n g  r e a c t i o n s  o f  one  f rom  t h e  o t h e r .
A l l a n  and  S c h o l e s 5a s t u d i e d  t h e  2 - p r o p a n o l - a c e t o n e  s y s t e m  and 
c o n c l u d e d  t h a t  t h e  e l e c t r o n  r e d u c e s  a c e t o n e ,  w h i l e  h y d r o g e n  a tom s  r e ­
d u c e  t h e  a l c o h o l .  Some w o r k e r s 5^>c h a v e  u s e d  s p e c i f i c  e l e c t r o n  s c a ­
v e n g e r s  i n  a n  a t t e m p t  t o  e l i m i n a t e  t h e  r e a c t i o n s  o f  t h a t  s p e c i e s  w i t h  
s u b s t r a t e s  t o  be  s t u d i e d .  N i t r o u s  o x i d e  h a s  d e m o n s t r a t e d  a  g r e a t  
a f f i n i t y  f o r  e l e c t r o n s ® ,  and so  S c h o l e s  and  S im ic  u sed  i t  i n  t h e i r  
e x p e r i m e n t s .  N^O i s  a ssum ed  t o  r e a c t  w i t h  a q u a t e d  e l e c t r o n s ,  r e p r e ­
s e n t e d  (H^O) , a c c o r d i n g  to  t h i s  r e a c t i o n :
5NgO +  (H2 0 ) ‘  -* Ng +  OH* +  OH* ( 8 )
The s u b s t r a t e ,  S ,  may a l s o  s c a v e n g e  e l e c t r o n s
S +  (HgO)* -  s '  +  HgO ( 9 )
a n d  t h u s  a  c o m p e t i t i o n  f o r  e l e c t r o n s  r e p r e s e n t e d  by  e q u a t i o n s  ( 8 )  and  
( 9 )  i s  r e f l e c t e d  i n  t h e  y i e l d  o f  Ng i n  t h e  p r e s e n c e  o f  v a r y i n g  a m o u n ts  
o f  S .  S c h o l e s  a n d  S i m i c 5a  t a b u l a t e d  a  s e r i e s  o f  r e l a t i v e  r a t e  c o n s t a n t s  
f o r  e l e c t r o n  s c a v e n g i n g  i n  t h i s  m a n n e r .  They  f o u n d ,  f o r  e x a m p l e ,  t h a t  
i f  t h e  r a t e  o f  s c a v e n g i n g  by  NgO i s  1 . 0 ,  a c e t o n e  h a s  a r e l a t i v e  r a t e  
o f  .67*  H+ , 1 -7 0 * c h l o r o a c e t a t e , • 1 9 » an<* a l l y l  a l c o h o l ,  t o o  s m a l l  t o  
m e a s u r e .
I n  o r d e r  t o  s t u d y  r a t e s  o f  h y d r o g e n  a b s t r a c t i o n ,  t h e s e  w o r k e r s 5*5 
a d d e d  d i f f e r e n t  s u b s t r a t e s  S t o  s o l u t i o n s  o f  DC00 and  m e a s u r e d  t h e
y i e l d s  o f  HD an d  Hg,  w h ic h  a r o s e  a s  a  r e s u l t  o f  t h e s e  r e a c t i o n s :
H +  DCOO" -  HD +  COO- * ( 1 0 )
H +  S -* Hg +  3 / * ( 1 1 )
They  ex am in ed  a  number  o f  s u b s t r a t e s  w i t h  a b s t r a c t a b l e  h y d r o g e n s  i n
t h e  p r e s e n c e  o f  t h e  e l e c t r o n  s c a v e n g e r  NgO, an d  r e p e a t e d  t h r e e  o f  t h e  
compounds  i n  t h e  a b s e n c e  o f  i t .  The r e l a t i v e  v a l u e s  o f  t h a t  t h e y
o b t a i n e d  w e r e  t h e  s a m e ,  w i t h  o r  w i t h o u t  s c a v e n g e r ,  a l t h o u g h  t h e  t o t a l  
y i e l d  o f  HD +  H2  was  s m a l l e r  i n  t h e  p r e s e n c e  o f  NgO. A l t h o u g h  t h e s e  
w o r k e r s  w e r e  a t t e m p t i n g  t o  m e a s u r e  o n l y  r e a c t i o n s  o f  h y d r o g e n  a to m s  
p r o d u c e d  i n  t h e  r a d i o l y s i s  ( r e a c t i o n  7 ) »  w h i c h  t h e y  c a l l  H**, t h e y  w e re  
r e a l l y  u n a b l e  t o  d i f f e r e n t i a t e  b e t w e e n  t h o s e  h y d r o g e n  a to m s  an d  t h e
o n e s  w h ic h  a r o s e  f r o m  t h i s  r e a c t i o n 4 *5:
(HgO)"  -  H* +  OH* ( 1 2 )
I n  t h e  p r e s e n c e  o f  NgO, r e a c t i o n  12 i s  p r e s u m a b l y  e f f e c t i v e l y  s u p p r e s s e d  
s o  t h a t  t h e  o n l y  h y d r o g e n  a to m s  t h a t  a r e  fo rm ed  a r e  Ha  f r o m  r e a c t i o n  ( 7 )*
E v e n  i n  t h e  a b s e n c e  o f  N20 , h o w e v e r ,  t h e  same r e l a t i v e  r e a c t i v i t i e s  
r e s u l t ,  s o  t h a t  t h o s e  h y d r o g e n  a to m s  p r o d u c e d  i n  r e a c t i o n  ( 1 2 )  c a n -
Of
n o t  be  d i f f e r e n t i a t e d  f rom  H . The l o w e r  y i e l d s  o f  HD and H2  when 
N2 0 was p r e s e n t  s i m p l y  v e r i f y  t h a t  t h e  p r o d u c t i o n  o f  H* by r e a c t i o n  
( 1 2 )  h a s  b e e n  r e d u c e d  o r  e l i m i n a t e d  due  t o  t h e  s c a v e n g i n g  o f  i t s  
p r e c u r s o r  (H20 )  by N20  ( r e a c t i o n  8 ) .  C o n s e q u e n t l y ,  t h e  e l e c t r o n  
s c a v e n g e r  i s  u n n e c e s s a r y  a s  l o n g  a s  t h e  s u b s t r a t e s  s t u d i e d  do  n o t  
t h e m s e l v e s  s c a v e n g e  e l e c t r o n s  ( r e a c t i o n  9 )*
S c h o l e s  and  S im ic  a l s o  s t u d i e d  a d d i t i o n  r e a c t i o n s 5 0 , a n d ,  a s  
d i s c u s s e d  a b o v e ,  N20 was a d d ed  a s  a  r a d i c a l  s c a v e n g e r  s i n c e  t h e  s u b ­
s t r a t e s  m i g h t  add  e l e c t r o n s  a s  w e l l  a s  h y d r o g e n  a t o m s .  The r a t e  o f  
a d d i t i o n  t o  S was o b t a i n e d  r e l a t i v e  t o  t h e  r a t e  o f  h y d r o g e n  a b s t r a c ­
t i o n  f rom  2 - p r o p a n o l .  Thus a  c o m p e t i t i o n  r e p r e s e n t e d  by  r e a c t i o n s  ( 3 ) 
and  ( 4 )  was s e t  u p ,  w h e re  M i n  r e a c t i o n  ( 3 ) r e p r e s e n t e d  2 - p r o p a n o l .  
R e a c t i o n  ( 5 ) was a ssum ed  n o t  t o  o O t u r  w i t h  t h e  p a r t i c u l a r  s u b s t r a t e s  
s t u d i e d .  T h e r e f o r e ,  i n  t h e  " s c a v e n g e r  e q u a t i o n " ,  e q u a t i o n  ( 6 ) ,  k g / k ^  
i s  z e r o ,  and  t h e  e q u a t i o n  s i m p l i f i e d  t o :
G tiiJ o - 'o L )  *  ( k 3 / k * #  +  1 U 5 )
R a b a n i  and  S t e i n 7 h a d  d e t e r m i n e d  Gj^H) t o  be  0 . 5 5  and  £ 7 ( 1^ )  , t h e  y i e l d  
o f  m o l e c u l a r  h y d r o g e n  p r o d u c e d  i n  p r i m a r y  p r o c e s s  ( r e a c t i o n  7 ) ,  t o  be 
0 . 5 0 ,  &11 i n  t h e  a b s e n c e  o f  N20 .  S c h o l e s  and  S im ic  found  t h e s e  q u a n ­
t i t i e s  t o  be  0 . 7 ^  and  O . 3 6 , r e s p e c t i v e l y ,  i n  t h e  p r e s e n c e  o f  N ^ ,  and  
a t t r i b u t e d  t h e  low v a l u e  o f  G2 (H2 ) t o  be  a  r e s u l t  o f  s c a v e n g i n g  p r e ­
c u r s o r s  o f  H2  5 a . Some o f  t h e  v a l u e s  o f  k * / k 3 w hich  t h e y  fo und  a r e  
g i v e n  i n  T a b l e  I I  ( n o t e  t h a t  t h e  d a t a  a r e  v a l u e s  o f  t h e  I n v e r s e  r a t e  
c o n s t a n t  r a t i o ,  k4 / k 3 , and  n o t  t h e  r a t i o  a s  g i v e n  i n  e q u a t i o n  1 3 ) •
7TABLE I I
RELATIVE RATES OF ADDITION OF H* TO 
SUBSTRATES S IN AQUEOUS S O L U T IO N ^
s ( S ) ,  m o l e s / 1
G(H2 )o -
G (H *) W k r s
U r a c i l 1+ x  1 0 “ 3 0 .5 2 59 ±  7
A l l y l  a l c o h o l 3 x  10~3 0.1+3 1+6 ±  5
B e n z y l  a l c o h o l 1+ x  1 0 - 3 0 .2 5 13 ± 2
P y r i d i n e K T 2 0.1+2 15 ±  2 .5
C u ^ 2 .8 -1 + .7 5  x  10“ 3 ------- 12 db 2
A d e n in e 3 x 1 0 " 3 0 .2 0 12 ± 3
( a )  R e f .  5 c -  H e re  (M) = 10_x M. , Gj. = 0.7*+, G(H2 )q » 1 . 1 0 .
A r a n g e  o f  v a l u e s  o f  ( s )  f o r  Cu^"  i s  g i v e n  s i n c e  t h e  v a l i d i t y  o f  
e q u a t i o n  ( l 3 ) was t e s t e d  f o r  t h i s  s u b s t r a t e  o n l y ,  and a good f i t  was 
o b t a i n e d .  However ,  none o f  t h e  s u b s t r a t e s  w h ich  h a v e  a b s t r a c t a b l e  
h y d r o g e n s  w e re  t e s t e d ,  and t h e  v a l u e  o f  k,4 / k 3 was c a l c u l a t e d  f rom  o n ly  
one  c o n c e n t r a t i o n  r a t i o  i n  e q u a t i o n  ( 1 3 ) *  I t  i s  d i f f i c u l t  t o  c o n c e i v e  
t h a t  a l l y l  and  b e n z y l  a l c o h o l  u n d e rg o  no h y d r o g e n  a b s t r a c t i o n  r e a c t i o n s ,  
h o w e v e r .  A p l o t  o f  e q u a t i o n  ( 1 3 )  f ° r  s e v e r a l  c o n c e n t r a t i o n  r a t i o s  o f  
t h e s e  a l c o h o l s  would  h a v e  i n d i c a t e d  w h e t h e r  any  h y d r o g e n  a b s t r a c t i o n  
d i d ,  i n  f a c t ,  o c c u r .  I f  t h e  r a t i o  k 5 /k .4 i s  z e r o  a s  a s s u m e d ,  t h e n  t h e  
i n t e r c e p t  would  be  u n i t y ;  b u t  i f  h y d r o g e n  a b s t r a c t i o n  d i d  o c c u r ,  t h e  
i n t e r c e p t  would b e  l a r g e r  t h a n  u n i t y  due  to  a f i n i t e  v a l u e  o f  k ^ / k ^ .  
(Compare e q u a t i o n s  6  and 13*) S i n c e  t h e  h y d ro g e n  a tom  i s  a  v e r y  s e l e c ­
t i v e  s p e c i e s  and  d o e s  a b s t r a c t  h y d r o g e n  f rom  2 - p r o p a n o l ,  i t  seems 
l o g i c a l  t o  assume t h a t  i t  would a b s t r a c t  h y d ro g e n  f rom  a l c o h o l s  even  
b e t t e r  a t  s t a b i l i z i n g  t h e  n a c c e n t  r a d i c a l  ( e q u a t i o n s  l b  and l ^ ) *
H* 4- CH£=CH-CH£OH -• H2 +
CH2=CH-CHOH ** CH2 -CH=CHOH ( l b )
H* + PhCHgOH -  H2 + PhCHOH (1 5 )
In  s i m i l a r  s t u d i e s ,  Rabani® and Anbar  and c o - w o r k e r s 9 o b t a i n e d  
r e l a t i v e  r a t e s  o f  h y d r o g e n  a b s t r a c t i o n  by  H* from  v a r i o u s  w a t e r  s o l u b l e  
compounds .  R a b a n i  o b t a i n e d  r a t e  c o n s t a n t s  r e l a t i v e  t o  t h e  r e a c t i o n  o f  
H* w i t h  Fe (C N )6 3' :
H* + Fe(CN)6 3" -* H+  ' + Fe (C N )64 ~ ( l 6 )
and  Anbar used  2 - p r o p a n o l - 2 - d  a s  a  s t a n d a r d .  Thus  i n  t h e  l a t t e r  s y s t e m  
t h e r e  was a  c o m p e t i t i o n  f o r  H* b e tw e e n  d e u t e r a t e d  2 - p r o p a n o l  and  t h e  
s u b s t r a t e  QH:
H* + (CH3 ) £CDOH -* (CH3 ) 2COH + HD ( I T )
9H« + QH -  Q* + 1I2 ( 18 )
and th e  f o l l o w i n g  e q u a t i o n  r e s u l t s  f o r  t h e  r e l a t i v e  r a t e  o f  h y d ro g e n  
a b s t r a c t i o n  from QH:
Where G(H2 ) i s  t h e  t o t a l  y i e l d  o f  H2 , G(HD) i s  t h e  y i e l d  o f  HD, and 
Gy(H2 ) i s  t h e  y i e l d  o f  H2  from r e a c t i o n  ( t ) *  The r e l a t i v e  r a t e s  t h e s e  
two w o r k e r s  o b t a i n e d  a r e  i n  good a g r e e m e n t ,  and a g r e e  w e l l  w i t h  t h o s e  
d a t a  o f  S c h o le s  and  S im ic  ( T a b l e  I I I ) .
Anbar d i d  n o t  use  a n  e l e c t r o n  s c a v e n g e r ,  s i n c e  h i s  method o f  a n a l y ­
s i s  a v o i d s  any d i f f i c u l t i e s  e n c o u n t e r e d  i f  t h e r e  i s  a  c o m p e t in g  r e a c t i o n  
o f  QH w i t h  th e  s o l v a t e d  e l e c t r o n .  U n f o r t u n a t e l y ,  compounds which  S c h o l e s  
and  S im ic  c l a i m e d  gave no h y d ro g e n  a b s t r a c t i o n  were  n o t  i n v e s t i g a t e d  i n  
A nbar*s  s y s t e m .
A n a l y s i s  o f  t h e  i s o t o p i c  c o m p o s i t i o n  o f  m o l e c u l a r  h y d ro g e n  o b t a i n e d
when d e u t e r a t e d  s u b s t r a t e s  were  s t u d i e d  e n a b l e d  two g roups  o f  w o r k e r s 1 0
t o  o b t a i n  i s o t o p e  e f f e c t s  f o r  h y d ro g e n  a toms i n  h y d ro g e n  a b s t r a c t i o n s .
L i f s h i t z  and  S t e i n 10a found  an  i s o t o p e  e f f e c t ,  k / k  , o f  17 ± 1 f o r  theH JJ
r e a c t i o n  o f  H» w i t h  t h e  a - h y d r o g e n s  o f  e t h a n o l  u s i n g  t h i s  t e c h n i q u e .  
Anbar and M e y e r s t e i n 10^ found t c  be 7 -5  i  1 and 20 ± 1 f o r  a b ­
s t r a c t i o n  o f  t h e  Qf-hydrogens o f  2 - p r o p a n o l  and m e t h a n o l ,  r e s p e c t i v e l y .
Hardwick  was t h e  f i r s t  t o  d e r i v e  and use  th e  s c a v e n g e r  e q u a t i o n ,  
a s  m e n t io n e d  p r e v i o u s l y 2 ' 1 1 . He used t h e  e q u a t i o n  i n  t h e  r a d i o l y s i s  
o f  hexane  s o l u t i o n s  o f  v a r i o u s  s u b s t r a t e s  t o  d e t e r m i n e  r e l a t i v e  r a t e s  
o f  a d d i t i o n  and  h y d ro g e n  a b s t r a c t i o n  r e a c t i o n s  o f  h y d ro g e n  a to m s .
E a r l i e r  s t u d i e s 1 1 3  had f u r n i s h e d  him w i t h  v a l u e s  2 . 1 2  f o r  G2 (H2 ) ,  
y i e l d  o f  H2  i n  t h e  p r i m a r y  p r o c e s s  ( r e a c t i o n  2 ) ,  and 3*16 f o r  G ^ H ) ,
k l 7  G(HD)
k i e  = G(H2 )-G2 (H2 ) x [(CH3 )2 CD0H]
( ok) ( 1 9 )
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R ef .  9
5-1
( 1 )
.kk
.10
R e l a t i v e  R a te
______ QH Ref .  5b_____________R e f .  8
hcoo” 10.  16.
2 - P r o p a n o l  3*^ 3*3
E t h a n o l  ( l )  ( l )
E t h y l e n e  g l y c o l  .66 ------
M ethanol  .11 .10
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y i e l d  o f  H* from t h e  p r i m a r y  p r o c e s s  ( r e a c t i o n  l ) .  By m e a s u r in g  th e  
r e d u c t i o n  in  y i e l d  o f  upon i n t r o d u c t i o n  o f  v a r y i n g  amounts  o f  s u b ­
s t r a t e  S ,  h e  was a b l e  t o  o b t a i n  th e  l i n e a r  r e l a t i o n s h i p  p r e d i c t e d  by 
e q u a t i o n  ( 6 ) .  The s l o p e  y i e l d e d  r e l a t i v e  r a t e s  o f  a d d i t i o n  t o  S 
( r e a c t i o n  4 ) ,  and  t h e  i n t e r c e p t  gave r e l a t i v e  r a t e s  o f  h y d r o g e n  a b ­
s t r a c t i o n  from S ( r e a c t i o n  5)* H ardwick  was a b l e  t o  p u t  th e  r a t e  
c o n s t a n t s  on an  a b s o l u t e  b a s i s  s i n c e  he  had  p r e v i o u s l y  o b t a i n e d  a 
v a l u e l p  f o r  h ex an e  o f  K3  = 4*9 x 10G l . / m c l e  s e c .  a t  23°C.  Some o f  
h i s  r e s u l t s  a r e  g i v e n  i n  T a b le  IV.
T h e re  a r e  two f e a t u r e s  o f  H a r d w i c k ' s  d a t a  which  a r e  p a r t i c u l a r l y  
s t r i k i n g .  F i r s t  o f  a l l ,  e v e r y  compound he s t u d i e d  added  h y d ro g e n  
atoms a t  a f a s t e r  r a t e  t h a n  i t  u n d e rw en t  h y d r o g e n  a b s t r a c t i o n .  Indeed  
i n  some c a s e s  a b s t r a c t i o n  c o u ld  n o t  be m easured  due to  t h e  l i m i t a t i o n  
o f  h i s  m e th o d ,  which  r e q u i r e d  t h a t  t h e  i n t e r c e p t  be a t  l e a s t  5 p e r c e n t  
g r e a t e r  t h a n  l / G y ( H ) .  The o t h e r  n o t e w o r t h y  p o i n t  i s  t h a t  h y d ro g e n  
a tom d i d  n o t  beh av e  l i k e  a t y p i c a l  f r e e  r a d i c a l ,  i n  t h a t  t h e  u s u a l  
o r d e r  o f  h y d ro g e n  a b s t r a c t i o n  ( t e r t i a r y > s e c o n d a r y > p r i m a r y ) was n o t  f o l ­
lo w ed .  In  f a c t ,  t h e  r e v e r s e  i s  t h e  c a s e  i n  t h e  s e r i e s  o f  a l i p h a t i c  
k e t o n e s  and th e  p a i r  e t h y l b e n z e n e / c u m e n e . I t  i s  a l s o  s u r p r i s i n g  t h a t  
t - b u t y l  m e r c a p t a n  u n d e r g o e s  t o o  l i t t l e  a b s t r a c t i o n  t o  m e a s u r e ,  when 
t h i o l s  a r e  known t o  be e x t r e m e l y  good t r a n s f e r  a g e n t s 1 3 .
I t  would seem l o g i c a l  t o  c o n c l u d e  t h a t  p e r h a p s  some o t h e r  s p e c i e s  
i s  i n t e r f e r i n g  w i t h  th e  r e a c t i o n s  o f  H* i n  H a r d w i c k ' s  s y s t e m ,  and th e  
i n v e s t i g a t i o n s  o f  many w o r k e r s  i n d i c a t e  s t r o n g l y  t h a t  t h i s  i s  t h e  c a s e .  
I n  1957 ,  S c h u l e r 1 4  c o n c lu d e d  t h a t  t h e  p r e s e n c e  o f  c e r t a i n  s o l u t e s  a t  
c o n c e n t r a t i o n s  a s  low a s  1 0 - 3  mole f r a c t i o n  c o u l d  change  t h e  n a t u r e  
o f  t h e  r a d i a t i o n  c h e m i c a l  p r o c e s s .  S c h u l e r  s u g g e s t e d  t h a t  s i n c e  th e
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TABLE IV
RATES OF H« REACTIONS WITH S OBTAINED FROM
f a )THE RADIOLYSIS OF HEXANE SOLUTIONS
s
k* ( a d d . ) 
( x l O “®M“1 s e c “1 )
k s  ( a b s t r . )  
(x lO “®M“1 s e c ~ 1 )
A c e to n e 3 . 2 1 . 6
M ethy l  e t h y l  k e t o n e 3 . 2 1-5
M ethy l  i s o p r o p y l  k e t o n e 3*9 0 . 6
A ce to p h en o n e 1 2 .0 <•6
Benzene 1 .8 —
T o lu e n e 2 .9 ( b )
E t h y l b e n z e n e 3-5 l . l
Cumene 3 .8 0 . 2
p -X y le n e k .2 ( b )
D im e th y l  d i s u l f i d e kk. ( b )
t - B u t y l  M er c a p ta n <1. (b )
D iphenyIme th a n e k . 6 (b )
B enzy l  a l c o h o l 6 . 0 ( b )
( a )  R e f .  2 .
( b )  Too s m a l l  t o  m e a s u r e .
s o l u t e s  b e  used a l l  had h i g h  e l e c t r o n  a f f i n i t i e s , i t  m ig h t  be  e x p e c t e d  
t h a t  c a p t u r e  o f  s o l v a t e d  e l e c t r o n s  by them c o u ld  i n t e r f e r e  w i t h  t h e  
r a d i a t i o n  c h e m i c a l  p r o c e s s .  Fo r  e x a m p le ,  i t  h a s  a l r e a d y  been  p o i n t e d  
o u t  h e r e  t h a t  i n t r o d u c t i o n  o f  t h e  e l e c t r o n  s c a v e n g e r  N^O i n  t h e  r a d i o -  
l y s i s  o f  aqueous  s o l u t i o n s  r e d u c e s  t h e  y i e l d  o f  m o l e c u l a r  h y d r o g e n .  The 
same w o r k e r s  found t h a t  N^O a l s o  r e d u c e s  G(H,p) i n  th e  r a d i o l y s i s  o f  
c y c l o h e x a n e 1 5 . T h i s  i n d i c a t e s  t h a t  s o l v a t e d  e l e c t r o n s  a r e  p r e s e n t  i n  
o r g a n i c  s o l u t i o n  a s  w e l l  a s  i n  aqueous  s o l u t i o n ,  and t h a t  they  a c t  a s  
p r e c u r s o r s  o f  a to m ic  h y d r o g e n ,  and  th u s  e v e n t u a l l y  m o l e c u l a r  h y d r o g e n ,  
i n  b o th  s y s t e m s .  H a m i l l 16 has  t r a p p e d  e l e c t r o n s  a s  a n i o n s  o f  o r g a n i c  
s o l u t e s  i n  t h e  r a d i o l y s i . s  o f  o r g a n i c  g l a s s e s .
Upon c l o s e r  s c r u t i n y  o f  th e  s c a v e n g e r  p l o t ,  J o h n s e n 17 and c o ­
w o r k e r s  found n o t i c e a b l e  c u r v a t u r e  when c y c lo h e x a n e  was r a d i o l y z e d  w i t h  
added  p o t e n t i a l  h y d ro g e n  atom s c a v e n g e r s .  They c o n c lu d e  t h a t  a  s im p le  
i n t e r p r e t a t i o n  o f  t h e  s c a v e n g e r  p l o t  i s  n o t  p o s s i b l e .
Holroyd  u n c o v e red  e v i d e n c e  w h ich  s t r o n g l y  i m p l i c a t e s  c e r t a i n  
h y d r o g e n  a tom s c a v e n g e r s  a s  v e r y  e f f i c i e n t  e l e c t r o n  s c a v e n g e r s 1 ®. He 
s e t  o u t  t o  r e m e a s u re  t h e  y i e l d  o f  t h e r m a l  h y d r o g e n  a t o m s ,  Gi (h ) ,  from 
t h e  r a d i o l y s i s  o f  s e v e r a l  h y d r o c a r b o n s .  The u s u a l  t e c h n i q u e  i n v o l v e d  
o b s e r v i n g  t h e  r e d u c t i o n  o f  GfHs) upon a d d i t i o n  o f  a s u b s t a n c e  t h o u g h t  
t o  be  a  good s c a v e n g e r  o f  H*, and c a l l i n g  t h i s  l o s s  i n  y i e l d  o f  Hg t h e  
y i e l d  o f  H* from r e a c t i o n  1 .  However,  d i f f e r e n t  s c a v e n g e r s  gave  a n s ­
w ers  which v a r i e d  w i d e l y :  m e th y l  m e t h a c r y l a t e  gave  a  v a l u e  o f  3 - l 1 9 >
b e n z o q u i n o n e , J . 2 2 0 , and i o d i n e ,  2 . 0 17 and  2 . I 21 ( a l l  c y c l o h e x a n e ) .  
H o lroyd  used  e t h y l e n e  a s  h i s  H* s c a v e n g e r ,  and t h e  y i e l d  o f  e t h y l  
r a d i c a l s  p ro d u ced  by t h e  a d d i t i o n  o f  H* to  e t h y l e n e  was m easured  by 
h i s  14CH3  s a m p l in g  t e c h n i q u e .  M e t h y l - 14C i o d i d e  p r e s e n t  i n  t h e  s y s te m  
r e a c t e d  w i t h  h y d ro g e n  a toms t o  g i v e  m e t h y l - 14C r a d i c a l s ,  and t h e s e
11*
r a d i c a l s  t e r m i n a t e d  w i t h  e t h y l  r a d i c a l s  t o  p ro d u c e  p r o p a n e - 14C . Holroyd 
was t h e n  a b l e  t o  r e l a t e  v a l u e s  o f  G(14C3He) t o  G i ( h ) ,  and t h u s  n o t  d e ­
pend on a  r e d u c t i o n  i n  g CHs ) t o  r e f l e c t  t h e  y i e l d  o f  t h e r m a l  h y d ro g e n  
a t o m s .  Gi ( h ) f o r  c y c l o h e x a n e  was found  t o  be  1 . 8 ,  a  v a l u e  low er  t h a n  
t h o s e  o b t a i n e d  by c o n v e n t i o n a l  s c a v e n g i n g  t e c h n i q u e s .
The a p p a r e n t  r e a s o n  f o r  t h e  d i s c r e p a n c y  l i e s  i n  t h e  i n a b i l i t y  o f  
t h e  c o n v e n t i o n a l  method t o  d i f f e r e n t i a t e  b e tw een  t h e  s c a v e n g i n g  o f  H* 
and e l e c t r o n s .  H o l r o y d ' s  method m e a s u r e s  o n l y  t h e  p r o d u c t  which  c o u ld  
a r i s e  from th e  a d d i t i o n  o f  H» t o  h i s  o l e f i n i c  s c a v e n g e r .  I n  m e a s u r i n g  
a d e c r e a s e  i n  gCh^ ) ,  i t  i s  n o t  p o s s i b l e  t o  a s c e r t a i n  how much i s  due to  
s c a v e n g i n g  o f  h y d ro g e n  a to m s  a l o n e .
Dyne22 h a s  r e c e n t l y  p r o p o s e d  a  m e c h a n i s t i c  scheme f o r  t h e  r a d i o -  
l y s  i s  o f  h y d r o c a r b o n s  w h ich  t a k e s  a l l  t h e s e  f a c t o r s  i n t o  a c c o u n t .  He 
c o n c l u d e s  t h a t  e l e c t r o n  c a p t u r e  by s o l u t e s  p l a y s  a  s i g n i f i c a n t  r o l e  i n  
r a d i o l y s i s ,  and t h a t  a g r e e m e n t  o f  e x p e r i m e n t a l  d a t a  w i t h  p l o t s  o f  t h e  
s c a v e n g e r  e q u a t i o n  i s  s t r i c t l y  f o r t u i t o u s .
I t  seems s a f e  t o  c o n c l u d e  t h a t  Hardwick  was n o t  i n  f a c t  m e a s u r i n g
r a t e s  o f  h y d ro g e n  a tom r e a c t i o n s .  Most o f  the  s o l u t e s  he  s t u d i e d  were  
p r o b a b l y  c a p a b l e  o f  r e a c t i n g  w i t h  e l e c t r o n s  a t  l e a s t  t o  some e x t e n t .
F o r  e x am p le ,  t - b u t y l  m e r c a p t a n  was found t o  be  i n e r t  tow ard  h y d ro g e n
a b s t r a c t i o n .  Q u i t e  r e c e n t l y ,  h o w e v e r ,  a  r a d i o l y s i s  s t u d y 23 o f  
e t h a n e t h i o l  r e v e a l e d  t h a t  t h e  a v e r a g e  y i e l d  o f  m o l e c u l a r  h y d r o g e n  was 
J . l ,  a s  compared t o  a  G(Hg) v a l u e  f o r  e t h a n o l  o f  o n l y  5*0 .  The a u t h o r s  
a t t r i b u t e  t h i s  d i f f e r e n c e  i n  p a r t  t o  t h e  g r e a t  l a b i l i t y  o f  t h e  S-H 
h y d r o g e n  ( a s  opposed  t o  t h e  i n e r t n e s s  o f  t h e  0-H h y d r o g e n )  toward  
h y d ro g e n  a b s t r a c t i o n .  H a r d w i c k ' s  r e s u l t  h i n t s  o f  a  s t r o n g  a f f i n i t y  o f  
t h i o l s  f o r  e l e c t r o n s , and  r e s e a r c h  i n  t h i s  a r e a  h a s  shown t h i s  t o  be
t h e  c a s e .  A rm s t ro n g  and Wi lk .en in g 24 o b t a i n e d  r e s u l t s  i n  t h e i r  s t u d y  
o f  t h e  r a d i o l y s i s  o f  m e t h a n e t h i o l  w h ich  s u g g e s t e d  t h a t  e l e c t r o n  c a p t u r e  
by t h e  t h i o l  o c c u r r e d .  Trumbore  and  c o w o r k e r s 25 i n v e s t i g a t e d  t h e  r a d i o ­
l y s i s  o f  aq u eo u s  s o l u t i o n s  o f  c y s t e i n e  ( a  t h i o l ) ,  and a c t u a l l y  m easu red  
t h e  r a t e  c o n s t a n t  f o r  i t s  r e a c t i o n  w i t h  e l e c t r o n s .  They found a  v a l u e  
i n  t h e  r a n g e  o f  x  10s  M"1 s e c " 1 , w h ich  makes c y s t e i n e  a b o u t
c o m p arab le  to  a c e t o n e  a s  a  s c a v e n g e r  o f  e l e c t r o n s  (k  f o r  a c e t o n e  «
6 x  10® M-1  s e c " 1 ) 2 6 .
I t  i s  e v i d e n t  t h a t  H ardw ick  was n o t  m e a s u r i n g  h y d r o g e n  a tom  r e ­
a c t i o n s  a l o n e .  H is  r e s u l t s  a r e  e x p l i c a b l e  in  l i g h t  o f  w ha t  h a s  been  
d i s c o v e r e d  a b o u t  t h e  p r o d u c t i o n  and s c a v e n g i n g  o f  e l e c t r o n s  i n  r a d i o ­
l y s i s  s y s t e m s .
R e c e n t l y  P e r n e r  and S c h u l e r 2^  h a v e  d e s c r i b e d  a n  e x p e r i m e n t  which  
t h e y  c l a i m  g i v e s  a  w e l l  d e f i n e d  s o u r c e  o f  h y d ro g e n  a toms  i n  h e x a n e .
The p h o t o l y s i s  o f  t r i t i u m  i o d i d e  o f  h i g h  s p e c i f i c  a c t i v i t y  ( c a .  30 
c u r i e s / m o l e )  w i t h  2 5 3 7 A l i g h t  p r o d u c e s  t r i t i u m  atoms w hich  r e a c t  w i t h  
s o l v e n t  (RH) o r  t r i t i u m  i o d i d e :
T* +  RH -  HT +  R* (2 1 )
R» + T I  -» RT + I*  (2 2 )
T* +  T I  -  Ta  +  I* (2 3 )
M easurem ent  o f  t h e  a c t i v i t y  o f  t h e  p r o d u c t s  e n a b l e d  t h e  a u t h o r s  to  
f i n d  t h a t  ka i / k a3 was b . S  x  10”4 . T h i s  s y s t e m  a p p e a r s  c a p a b l e  o f  
y i e l d i n g  r e l a t i v e  v a l u e s  o f  k a i  a s  RH i s  v a r i e d .
A l th o u g h  P e r n e r  and  S c h u l e r ' s  t e c h n i q u e  shows p r o m i s e ,  no r e l a t i v e  
r a t e  d a t a  h a v e  y e t  a p p e a r e d .  T h u s ,  due  t o  t h e  f a i l u r e  o f  H a r d w i c k ' s  
m e th o d ,  t h e r e  a r e  p r e s e n t l y  no d a t a  a v a i l a b l e  f o r  h y d ro g e n  a tom  r e ­
a c t i o n s  i n  o r g a n i c  m e d ia .  The r e s u l t s  o f  e x p e r i m e n t s  t o  f i l l  t h i s  v o id  
w i l l  be  p r e s e n t e d  i n  t h e  n e x t  s e c t i o n .
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CHAPTER I I  
RESULTS AND DISCUSSION
THE MECHANISM
Hydrogen  a tom r e a c t i o n s  w ere  s t u d i e d  by i r r a d i a t i n g  sam ples  c o n ­
t a i n i n g  p r o p a n e t h i o l  t r i t i a t e d  a t  t h e  S-H bond an d  any  h y d ro g e n  d o nor  
(QH) w i t h  u l t r a v i o l e t  l i g h t .  As a  r e s u l t ,  t r i t i u m  was i n c o r p o r a t e d  
i n t o  t h e  h y d r o g e n  d o n o r  and a l k y l  g roup  o f  t h e  t h i o l . *  The r e a c t i o n s  
w h ic h  a r e  p o s t u l a t e d  t o  be r e s p o n s i b l e  f o r  t h e  l a b e l i n g  o f  t h e  t h i o l  
and t h e  o r g a n i c  h y d ro g e n  donor  QH a r e  shown b e lo w .
R a t e
C o n s t a n t  E q . No.
PrSH — - > PrS* + H* k d (1)
H* +  PrSH ----- - > PrS* +  H2 ^SH ( 2 )
H* + PrSH ----- - > EtfiHSH + H2 k t a g (3 )
H* +  QH ----- - > Q* + H2 ’‘H (U)
H*(T*) +  QH ----- - > (HQH)* o r  (TQH)* k . ad ( 5 )
FrSH(T) + PrS * ----- - > no change ------ ( 6 )
PrSH +  EtCHSH ----- - > PrSH + PrS* kt ( 7 )
PrST +  EtiHSH ----- - > Pr*SH + P r S • k 7 i 7 (7 « )
PrSH +  Q* ----- - > QH + PrS* k e ( 8 )
PrST +  Q* ----- - > QT +  PrS* k3I a (8 a )
w h e re  (HQH) • o r  (TQii)* i s  any  a d d i t i o n  complex  w h ic h  QH may form w i t h  
h y d r o g e n  ( o r  t r i t i u m )  a t o m s ,  Pr*SH i s  a l k y l  l a b e l e d  t h i o l ,  and  and  
I 0 a r e  t h e  a p p r o p r i a t e  f a c t o r s  t o  a l l o w  f o r  t h e  i s o t o p e  e f f e c t s  on 
r e a c t i o n s  ( 7 ) and  ( 8 ) .  A t t a c k  o f  h y d ro g e n  a tom on t h e  t h i o l  ( r e a c t i o n  3)
*Someoe x p e r i m e n t s  w e re  done w i t h  t h i o p h e n o l  and t o l u e n e  a t  2537A and 
3500A. Those  w i l l  be d i s c u s s e d  l a t e r .
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o r  s u b s t r a t e  ( r e a c t i o n  h)  i s  f o l l o w e d  by q u e n c h in g  o f  t h e  r e s u l t a n t  
r a d i c a l s  by t h e  t h i o l  t o  r e g e n e r a t e  t h e  o r i g i n a l  s p e c i e s  ( r e a c t i o n s  
7 and  8 ) .  However,  s i n c e  t r i t i u m  i s  p r e s e n t  i n  t r a c e r  q u a n t i t i e s ,  
r e a c t i o n s  (7 a ) ar*d ( 8 a )  som et im es  o c c u r  t o  p ro d u c e  th e  l a b e l e d  s p e c i e s . *  
The a p p e a r a n c e  o f  t r i t i u m  i n  t h e  s u b s t r a t e  and t h i o l  a l k y l  g roup  a l l o w s
t h e  c o u r s e  o f  t h e  r e a c t i o n  t o  be f o l l o w e d .
A l th o u g h  t h e  p h o t o l y s i s  o f  t h i o l s  h a s  b e en  i n v e s t i g a t e d 1 >2 v e r y  
l i t t l e ,  i t  i s  w e l l  e s t a b l i s h e d  t h a t  m os t  t h i o l s  p h o t o l y z e  by S-K bond 
s c i s s i o n 3 . The s t r e n g t h  o f  t h e  S-H bond i n  p r o p a n e t h i o l  i s  p r o b a b l y  
c l o s e  t o  t h a t  o f  m e t h a n e t h i o 1 ,  w h ich  i s  88  k c a l . / m o l e . 4 E n e rg y  i n  e x ­
c e s s  o f  t h a t  needed  t o  b r e a k  t h i s  bond i s  s u p p l i e d  by t h e  lamps which  
had  a  maximum i n t e n s i t y  a t  3000 .X (95  k c a l . / e i n s t e i n ) . The mass  o f  t h e
h y d ro g e n  a tom i s  o n l y  a b o u t  1 .5  p e r c e n t  o f  t h e  mass o f  t h e  t h i y l  r a d i ­
c a l ,  and so  t h e  s m a l l e r  p a r t i c l e  c a r r i e s  away 99 p e r c e n t  o f  t h i s  e x c e s s  
e n e r g y 5 . T h i s  e x c e s s  e n e r g y  amounts  t o  7 k c a l . / m o l e ,  b u t  i t  i s  assumed 
t h a t  t h e  h y d r o g e n  a tom i s  q u i c k l y  t h e r m a l i z e d  by c o l l i s i o n s  w i t h  t h e  
s o l v e n t .
R a d i o l y s i s  o f  a q u e o u s  and o r g a n i c  s o l u t i o n s  do p r o d u c e  h o t  a tom 
r e a c t i o n s ,  which a r e  som et im es  c a l l e d  r e a c t i o n s  i n  t h e  " s p u r " 6 . H e r e ,  
h o w e v e r ,  t h e  dose  r a t e  i s  e x t r e m e l y  h i g h  i n  c o m p a r i s o n  t o  t h a t  u sed  i n  
a  t y p i c a l  p h o t o c h e m i c a l  r e a c t i o n .  Gas p h a s e  p h o t o l y t i c  s t u d i e s  have  
b e e n  p e r fo rm ed  on  h o t  a tom  r e a c t i o n s 7 , b u t  i n  t h e  ga s  p h a se  e x c e s s  
e n e r g y  i s  n o t  e a s i l y  l o s t  due  t o  l e s s  f r e q u e n t  c o l l i s i o n s .  P e r n e r  and 
S c h u l e r 8 ( s e e  I n t r o d u c t i o n  s e c t i o n )  r e p o r t  t h a t  28 p e r c e n t  o f  t h e  t r i t i u m  
a toms p roduced  i n  t h e  p h o t o l y s i s  o f  t r i t i u m  i o d i d e  a t  2537^  r e a c t  w i t h  
t h e  s o l v e n t  h ex an e  i n  a  h o t  a tom p r o c e s s .  T h ese  t r i t i u m  atoms c o u ld
♦Only  one i n  10® o f  t h e  t h i o l  m o l e c u l e s  a r e  t r i t i u m  l a b e l e d ,  and  so Q» 
r e a c t s  w i t h  PrSH t h e  v a s t  m a j o r i t y  o f  t h e  t i m e .  T h i s  r e a c t i o n  i s  o n ly  
o b s e r v e d ,  h o w e v e r ,  when t r i t i u m  i s  a b s t r a c t e d  t o  p ro d u c e  l a b e l e d  su b ­
s t r a t e ,  QT.
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h a v e  a s  much a s  k2 k c a l . / m o l e  e x c e s s  e n e r g y 4 3 , which i s  much more th a n  
h y d r o g e n  a toms i n  t h e  p r e s e n t  s y s t e m  m ig h t  p o s s e s s .  On t h e  o t h e r  end 
o f  t h e  s p e c t r u m ,  r e c o i l  t r i t i u m  p ro d u c e d  by t h e  ^ e f n j p j T  r e a c t i o n  p o s ­
s e s s e s  an  e x t r e m e l y  l a r g e  amount o f  k i n e t i c  energy®.  The r e a c t i o n s  
o f  t h i s  v e r y  h o t  s p e c i e s  h a v e  a c t u a l l y  b e e n  c o r r e l a t e d  w i t h  C-H bond 
s t r e n g t h s  i n  h y d r o c a r b o n s ,  however®^*c .
In  a  r e a c t i o n  n o t  shown,  t h e  f a t e  o f  t h e  t h i y l  r a d i c a l s  i s  assumed 
t o  be d i m e r i z a t i o n  t o  fo rm  p r o p y l  d i s u l f i d e .  I t  i s  assumed t h a t  t h i s  
r e a c t i o n  e f f e c t i v e l y  s u p p r e s s e s  a n y  a t t a c k  by t h i y l  r a d i c a l s  on QH o r  
t h e  t h i o l  a l k y l  g r o u p .  T h i s  r e q u i r e s  t h a t  t h e  s t a n d i n g  c o n c e n t r a t i o n  
o f  t h i y l  r a d i c a l s  be h i g h ,  a s  i s  p r o b a b l y  t h e  c a s e  i n  t h i s  s y s t e m .
T h e r e  i s  e v i d e n c e  t o  s u g g e s t  t h a t  t h i y l  r a d i c a l s  do a t t a c k  t h e  two com- 
p o n e n t s  o f  t h e  s y s t e m  when 3500A l i g h t  i s  e m p loyed ,  b u t  a  d i s c u s s i o n  o f  
t h i s  w i l l  be d e f e r r e d  u n t i l  l a t e r .
I t  i s  n o t  s u r p r i s i n g  t h a t  a l l  r a d i c a l s  i n  t h e  s y s t e m  a r e  b e l i e v e d  to  
be  scavenged  by t h e  t h i o l * .  A b s t r a c t i o n  o f  t h e  S-H h y d ro g e n  o c c u r s  
w i t h  a  low a c t i v a t i o n  e n e r g y ,  an d  so t h i o l s  a r e  e x t r e m e l y  good h y d ro g e n  
d o n o r s 9 . W a l l i n g 10 g i v e s  a n  a c t i v a t i o n  e n e r g y  o f  o n l y  6  k c a l . / m o l e  f o r  
t h e  t r a n s f e r  o f  t h e  p o l y s t y r y l  r a d i c a l  t o  t h i o l s ,  and h y d r o g e n  atom 
a b s t r a c t s  h y d r o g e n  f rom  m e t h a n e t h i o l  w i t h  an a c t i v a t i o n  e n e r g y  o f  o n l y  
k . 6  k c a l . / m o l e 3*1.
R e a c t i o n  ( 3 )  i s  g i v e n  b e c a u s e  a r o m a t i c  s u b s t r a t e s  add  h y d ro g e n  
a to m .  T h i s  s t e p  h a s  no d i r e c t  b e a r i n g  on  t h e  h y d ro g e n  a b s t r a c t i o n s ,  
and  so  a  d i s c u s s i o n  o f  i t s  s i g n i f i c a n c e  f o l l o w s  l a t e r .  I t  p e r h a p s  
s h o u l d  be m e n t io n e d  h e r e  t h a t  a c t i v i t y  w hich  a p p e a r e d  i n  t h e  r i n g  o f  .
*When t h i y l  r a d i c a l s  a r e  s c a v e n g e d  by t h e  t h i o l , t h e r e  i s  no n e t  change  
( r e a c t i o n  6 ) .
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a n  a r o m a t i c  QH was s u b t r a c t e d  from t h e  t o t a l  a c t i v i t y  so t h a t  t h e  
a c t i v i t y  i n  t h e  s i d e  c h a i n  c o u l d  be d e t e r m i n e d .  T h i s  was u s u a l l y  a c ­
c o m p l i s h e d  by o x i d i z i n g  t h e  s i d e  c h a i n  a l k y l  g ro u p  t o  c a r b o x y l i c  a c i d  
and  a ssu m in g  t h a t  t h e  a c t i v i t y  l o s t  was a t t r i b u t a b l e  t o  t r i t i u m  i n  t h e  
g r o u p .
PROOF OF THE MECHANISM
A l th o u g h  t h e  v a r i o u s  s t e p s  i n  t h e  mechanism have  b e en  j u s t i f i e d  
by a n a l o g y  w i t h  known r e a c t i o n s ,  no p r o o f  h a s  y e t  been  o f f e r e d  t h a t  
t h i s  mechanism i s  a c t u a l l y  o p e r a t i v e .  As one t e s t ,  t h e  r e a c t i o n s  a s  
w r i t t e n  may be s u b j e c t e d  t o  k i n e t i c  a n a l y s i s  and e x p e r i m e n t a l  r e s u l t s  
compared  t o  t h e  r e s u l t i n g  e q u a t i o n  t o  s ee  i f  a  good f i t  i s  o b t a i n e d .  
A l s o ,  t h e  r e l a t i v e  r a t e s  w h ich  t h e  d a t a  y i e l d  may be compared t o  r e s u l t s  
from e x p e r i m e n t s  i n  w h ich  i t  i s  known t h a t  h y d ro g e n  a tom r e a c t i o n  r a t e s  
a r e  b e i n g  m e a s u re d .
The r a t e  o f  p r o d u c t i o n  o f  l a b e l e d  s u b s t r a t e ,  d ( Q T ) / d t ,  i s  r e l a t e d  
t o  Rq, t h e  t o t a l  r a t e  o f  r e a c t i o n  o f  Q* w i t h  PrSH1 1 , i n  e q u a t i o n  ( 9 ) :  
d(OT) d( OH) ( P rS T) M s  _ ,n  ,
d t  * d t  t f i S H 7 ( k ^ ) s  "  ^ t h ^  ( 9 )
w here  A°^ i s  t h e  i n i t i a l  m o la r  s p e c i f i c  a c t i v i t y  o f  t h e  t h i o l  and I 6 i s  
t h e  i s o t o p e  e f f e c t  o f  r e a c t i o n  ( 8 ) * .  The e x p e r i m e n t s  w ere  c a r r i e d  t o  
low c o n v e r s i o n s  so  t h a t  i n i t i a l  c o n c e n t r a t i o n s  and  A°^ r e m a in e d  e s s e n ­
t i a l l y  c o n s t a n t .  The s t e a d y  s t a t e  a s s u m p t i o n  i n  Q* r e q u i r e s  t h a t  t h e  
r a t e s  o f  r e a c t i o n s  (U) and  ( 8 )  be e q u a l  so  t h a t  e q u a t i o n  ( 9 )  becomes
» R9A°h I a  -  BUA?h I a  -  k ^ I ^ Q H U H * )  ( 1 0 )
*The i s o t o p e  e f f e c t  a p p e a r s  i n  t h i s  i n v e r s e  form s i n c e  l e s s  a c t i v i t y  i s  
i n c o r p o r a t e d  i n t o  QH t h a n  would h a v e  o c c u r r e d  i f  an  i s o t o p e  e f f e c t  d i d  
n o t  e x i s t .
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S u b s t i t u t i o n  o f  a n  e x p r e s s i o n  f o r  (H*) d e r i v e d  u s i n g  t h e  s t e a d y  s t a t e  
a p p r o x i m a t i o n  g i v e s  e q u a t i o n  ( l l ) :
d t  or) _ kHk dA° h M q H>o(1,rSll>o , ,
d t  ’  ( k SH+ k t a g , (P rS H )o  +  <kH+ k a d ) <<!H)o
where  t h e  s u b s c r i p t  z e r o s  i n d i c a t e  i n i t i a l  c o n c e n t r a t i o n s .  The c o n c e n ­
t r a t i o n  o f  QT a t  th e  end o f  t h e  i r r a d i a t i o n  i s  j u s t  th e  i n i t i a l  c o n c e n ­
t r a t i o n  o f  QH (by t h e  a s s u m p t i o n  o f  low c o n v e r s i o n s )  t im e s  t h e  m o la r
s p e c i f i c  a c t i v i t y  o f  QH, A . S u b s t i t u t i n g  t h i s  i n t o  e q u a t i o n  ( l l )  andQH
i n t e g r a t i n g  g i v e s  e q u a t i o n  ( 1 2 ) :
kHkdAli W P r S H )0 ______
QH ( k SH+kt a g ) (F rSH )o  +  ( l ^ + k ^ C Q H g  1
T h i s  e q u a t i o n  i s  r e a r r a n g e d  and i n v e r t e d  t o  y i e l d  t h e  f i n a l  fo rm ,  g iv e n  
a s  e q u a t i o n  ( 1 3 ) :
(P r S n ) n / (OH)r. ^ K ^ a d ^ d  i kSH+kt a g ^ kd (PrSH),-, , . ,
V A?i. “ v® h.1®
An a n a l o g o u s  e q u a t i o n  can  be  d e r i v e d  f o r  th e  r a t e  o f  i n c o r p o r a t i o n  
o f  t r i t i u m  i n t o  t h e  t h i o l  a l k y l  g roup  by b e g i n n i n g  w i t h  t h i s  e x p r e s s i o n :
StefSSl .  R7Ao h l 7  O k )
and u s i n g  th e  s t e a d y  s t a t e  a s s u m p t i o n  in  EtiHSH r a d i c a l s  t o  g e t
= k t a g A°h I T(PrSH)(Hv)  (1 5 )
The s t e a d y  s t a t e  a s s u m p t i o n  i n  (H*) f o l l o w e d  by i n t e g r a t i o n ,  r e a r r a n g e ­
m e n t ,  and  i n v e r s i o n  l e a d s  t o  t h i s  e q u a t i o n :
(PrSH)n/(OH?n , ( k t f f k t a g ) / k d  (k S H + k tag ) /k d  ( PrSH)o
A “ /A° ' c = k I 7 + k I 7 (QH)oa l k y l  th  t a g  '  t a g  f
Both  e q u a t i o n  (1 3 )  a n d ( 1 6 ) a r e  o f  a  form such  t h a t  t h e  l e f t  hand s i d e
i s  a l i n e a r  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  r a t i o  ( P r S l O o / ( Q h ) o  • So a
p l o t  o f  t h e  l e f t  hand s i d e  v e r s u s  (P rSH)o/(QH)o  f o r  OH and f o r  t h e  t h i o l
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a l k y l  g ro u p  s h o u l d  g i v e  a  s t r a i g h t  l i n e .  F i g u r e  1 shows two su ch  p l o t s  
f o r  c y c l o h e x a n e  a s  t h e  h y d r o g e n  d o n o r ,  and  b o t h  e x h i b i t  a  good l i n e a r  
r e l a t i o n s h i p  o v e r  a  w ide  r a n g e  o f  c o n c e n t r a t i o n  r a t i o s .  The same b e ­
h a v i o r  was r e c o r d e d  f o r  t h e  m a j o r i t y  o f  s u b s t r a t e s  s t u d i e d  a t  3000^* 
Those  which  d i d  n o t  ob ey  t h e  p r e d i c t e d  r e l a t i o n s h i p  w i l l  be d i s c u s s e d  
l a t e r  i n  d e t a i l .
Both  t h e  s l o p e  and  i n t e r c e p t  o f  e q u a t i o n  (1 3 )  a r e  i n v e r s e l y  p r o ­
p o r t i o n a l  t o  t h e  r a t e  c o n s t a n t  o f  i n t e r e s t ,  k ^ .  E q u a t i o n  ( l 6 )  g i v e s  a 
s i m i l a r  r e l a t i o n s h i p  f o r  ^ t a g» 30 t h a t  a  r a t i o  o f  t h e  s l o p e s  o r  i n t e r ­
c e p t s  o f  t h e  two e q u a t i o n s  w i l l  y i e l d  a  r a t i o  o f  r a t e  c o n s t a n t s * :
s l o p e  o f  e q u a t i o n  ( 1 6 )  = i n t e r c e p t  o f  e q u a t i o n  ( l 6 )  _ ( I T )
s l o p e  o f  e q u a t i o n  ( 1 3 ) i n t e r c e p t  o f  e q u a t i o n  ( 1 3 ) ^ t a g ^ T
S i n c e  t h e  p r o d u c t  k t a g ^7 i s  c o n s t a n t  and  in d e p e n d e n t  o f  t h e  s u b s t r a t e  
s t u d i e d ,  e q u a t i o n  ( 1 7 ) c a n  he w r i t t e n  a s  f o l l o w s :
s l o p e  o f  e q u a t * ° n -  t .  , I a  (1 8 )i o n  ( 13 J H , r e l  as l o p e  o f  e q u a t ,
T h e r e f o r e  i n  any  Q H - t h i o l  s e r i e s ,  th e  d a t a  a r e  p l o t t e d  a c c o r d i n g  t o  t h e
k i n e t i c  e q u a t i o n s  ( e q u a t i o n s  13 and 1 6 ) ,  and t h e  r a t i o  o f  t h e  s l o p e s
g i v e s  a  v a l u e  f o r  t h e  r e l a t i v e  r a t e  o f  h y d r o g e n  a b s t r a c t i o n  f rom  QH.t
T a b l e  I  g i v e s  d a t a  c a l c u l a t e d  i n  t h i s  m a n n e r .
E x a m i n a t i o n  o f  t h e  t e r m  f o r  t h e  s l o p e  i n  e q u a t i o n  (1 3 )  r e v e a l s  t h a t
i t  s h o u ld  y i e l d  v a l u e s  o f  k ^  r e l a t i v e  t o  t h e  t h r e e  r a t e  c o n s t a n t s  i n  t h e
n u m e r a t o r .  However ,  k .  i s  b e l i e v e d  n o t  to  be c o n s t a n t  from one s e r i e sa
* I t  was found  e x p e r i m e n t a l l y  t h a t  t h e  i n t e r c e p t s  were  a l l  v e r y  n e a r l y  
z e r o .  C o n s e q u e n t l y ,  even  a  s m a l l  d e v i a t i o n  i n  t h e  s l o p e  p ro d u c e d  a 
l a r g e  change  i n  t h e  v a l u e  o f  t h e  i n t e r c e p t ,  and t h u s  t h e  r a t i o  o f  
s l o p e s  i s  c o n s i d e r e d  t o  be a more r e l i a b l e  means o f  d e t e r m i n i n g  t h e  
r e l a t i v e  r a t e  c o n s t a n t s .
tT h e  r e l a t i v e  r a t e  c o n t a i n s  t h e  i s o t o p e  e f f e c t  Xa w h ich  m us t  be  c o n s t a n t  
i n  o r d e r  f o r  t h i s  a n a l y s i s  t o  y i e l d  t r u e  r e l a t i v e  r a t e s .  T h i s  p o i n t  i s  
d i s c u s s e d  i n  d e t a i l  i n  t h e  s e c t i o n  t h a t  f o l l o w s .
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FIGURE l a .  P l o t  o f  e q u a t i o n  ( 1 ? )  f o r  QH * c y c l o h e x a n e ;  
3000A, U0°.  S lo p e  -  ( 2 . 0 8  ± .OU) x 107 s e c .
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FIGURE l b .  P l o t  o f  e q u a t i o n  (16 )  f o r  t h e  t h i o l  a l k y l  
g roup  when QH i s  c y c l o h e x a n e ;  5000A, 4 0 ° .  S lo p e  ■ 
( 1 . 9 5  ± . 0 6 ) x 10T s e c .
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TABLE I
RELATIVE RATES OF HYDROGEN ABSTRACTIONS 
BY HYDROGEN ATOMS FROM VARIOUS SUBSTRATES AT 4 0°  USING JOOoJt LIGHT
—- \ , ( a ) 77 77 )/ i r ^ a ^
1 SH t a / '  d U SH t a g J '  d 
S u b s t r a t e  ^H*© k t a g l 7 . ( b )
________ ( QH)___________________ ( s ec  .x lQ~7_)______ ( sec  . x lO " 7 )______  H . r e l  &
C y c lohexane
( c )T o lu en e
( c )E t h y l b e n z e n e
( c )Cumene 
p -D io x an e  
M e t h a n o l ^  ^
E t h a n o l  
2 - P r o p a n o l ^  ^
2 , 3 - D i r a e th y lb u t a n e  
Hexane 
Dodecane
( c  )p -M e th o x y to lu e n e  
p -X y le n e ^ °  ^
(c  e )M eth y l  p - T o l u a t e  *
2 .0 8 ± .04 1 .95 ± .06 • 937 ± .036
4 .1 1 ± .0 8 1 .6 6 ± .03 .404 ± .012
.265 ± .041 2 .2 5 ± .04 8 . 5 ± 1 .2
.086 ± .0 0 6 1 .9 6 ± .0 3 2 2 . 8 ± 1 .8
2.1+9 ± .2 9 2 . 2 6 ± •17 •91 ± .12
11. ± 1 .6 2 . 8 8 ± .14 .26 ± .0 4
.91 ± .0 4 2 .9 4 ± .18 3 .2 3 ± • 23
.521 ± .006 3 .3 7 ± • 31 10 .5 ± • 95
2 . 3 1 ± ■15 2 . 7 3 ± .05 1 .1 8 ± .09
4.21+ ± .22 2 .6 7 ± .05 .630 ± .032
2*3 ± .2 3 .3 4 ± • 19 1 .45 ± 1 .5
1 . 3 3 ± .14 3*58 ± .06 2 .6 9 ± .27
1-75
14 .
± • 17 2 . 9 4
6 .5
± .02 1 .6 8
.46
± .16
( a )  The e r r o r  r e p o r t e d  i n  t h e s e  s l o p e s  i s  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  
s l o p e .
( b )  O b ta in e d  by d i v i d i n g  t h e  number i n  t h e  t h i r d  column by t h e  number 
i n  t h e  s e c o n d  co lum n .  The e r r o r  i s  computed from t h e  e r r o r s  i n  th e  
two co lu m n s .  R a t e s  a r e  p e r  m o l e c u l e .
( c )  Data c o r r e c te d  so  t h a t  o n ly  a c t i v i t y  in  th e  s id e  ch a in  i s  used;
r a t e  c o n s t a n t s  a re  t h e r e f o r e  f o r  a b s t r a c t i o n  o f  b e n z y l i c  h yd rogen s .
( d )  D a ta  c o r r e c t e d  t o  a l l o w  f o r  e q u i l i b r a t i o n  o f  t r i t i u m  be tween  OH o f
a l c o h o l  and  SH o f  t h i o l .  See  E x p e r i m e n t a l  s e c t i o n .
( e )  Lack  o f  a  s u f f i c i e n t  amount o f  d a t a  p r e v e n t e d  an  e s t i m a t i o n  o f  t h e  
e r r o r .  See E x p e r i m e n t a l  s e c t i o n .
t o  t h e  n e x t  s i n c e  i t  d e p en d s  on lamp i n t e n s i t y .  I t  was o b s e r v e d  t h a t  
a s  t h e  lamps a g e d ,  t h e  s l o p e  o f  g ra p h s  f o r  t h e  t h i o l  a l k y l  g roup 
s t e a d i l y  i n c r e a s e d .  When a  new s e t  o f  lamps was i n s t a l l e d ,  t h e  m agn i ­
t u d e  o f  t h e  s l o p e  r e t u r n e d  t o  th e  v a l u e s  r e c o r d e d  when t h e  f i r s t  s e t  
o f  lamps was new. I t  i s  b e l i e v e d  t h a t  t h i s  phenomenon o c c u r s  b e c a u s e  
d e c r e a s e s  a s  t h e  lamps a g e ,  g i v i n g  r i s e  t o  a n  i n c r e a s e  i n  t h e  s l o p e .  
F o r  t h i s  r e a s o n ,  t h e  t h i o l  a l k y l  g roup  was used  a s  an  i n t e r n a l  s t a n d a r d  
i n  a l l  r u n s  b e c a u s e  t a k i n g  a  r a t i o  o f  t h e  s l o p e s  e l i m i n a t e s  t h e  r a t e  
c o n s t a n t  k^ (compare  t h e  s l o p e  t e rm s  i n  e q u a t i o n s  13 and 1 6 ) .
The f a c t  t h a t  t h e  d a t a  do f i t  t h e  k i n e t i c  r e l a t i o n s h i p  i s  n e c e s ­
s a r y  b u t  n o t  s u f f i c i e n t  t o  p ro v e  t h a t  t h e  mechanism i s  c o r r e c t .  A 
number o f  o t h e r  r e a s o n a b l e  mechanisms do n o t  p r e d i c t  t h i s  r e l a t i o n s h i p ,  
b u t ,  o f  c o u r s e ,  t h i s  d o e s  n o t  p ro v e  t h a t  t h e  mechanism g i v e n  i s  n e c e s ­
s a r i l y  e i t h e r  c o r r e c t  o r  u n i q u e .  The s t r a i g h t  l i n e  r e l a t i o n s h i p  i s  n o t
a
t r i v i a l ;  i f  3500A l i g h t  i s  u s e d ,  c u rv e d  l i n e s  a r e  o b t a i n e d .  I t  would 
be v e r y  d i f f i c u l t  t o  p r e s e n t  a  c o m p l e t e l y  c o n v i n c i n g  a rg u m en t  b a se d  on 
a  k i n e t i c  a n a l y s i s  a l o n e  t h a t  t h e  mechanism g i v e n  i s  c o r r e c t .  However,  
a  c o m p a r i so n  o f  t h e  d a t a  o b t a i n e d  from t h i s  s y s te m  w i t h  t h a t  from 
s e v e r a l  a q u eo u s  r a d i o l y s i s  s y s t e m s 12 i s  c o n v i n c i n g  p r o o f  t h a t  h y d ro g e n  
a tom  r e a c t i o n s  a r e  b e i n g  o b s e r v e d  h e r e .  The aqueous  r a d i o l y s i s  sy s tem s  
a r e  a c c e p t e d  a s  g i v i n g  r a t e  c o n s t a n t s  f o r  h y d rogen  a tom r e a c t i o n s ,  and 
t h e  a g re e m e n t  o b t a i n e d  i s  q u i t e  good .  T h i s  c o m p ar i so n  i s  g i v e n  i n  . 
T a b l e  I I .  These  r e s u l t s  need n o t  h ave  p a r a l l e l e d  t h e  aqueous  d a t a  
p e r f e c t l y  s i n c e  t h e  r a t e  c o n s t a n t s  i n c l u d e  th e  i s o t o p e  e f f e c t  l a  and 
a l s o  s i n c e  a  s o l v e n t  e f f e c t  c o u ld  e x i s t .  However,  T a b le  I I  shows t h a t  
t h e  f o u r  s e t s  o f  d a t a  a r e  i n  e x c e l l e n t  a g re e m e n t  w i t h i n  e x p e r i m e n t a l  
e r r o r .
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TABLE I I
A COMPARISON WITH DATA FROM AQUEOUS SOLUTION RADIOLYSIS
S u b s t r a t e
R e l . R a t e  
T h i s  Work
R e l . R a t e ^ a *b 
A q .S o l n .
R e l . R a t e ^ a ,C   ^
A q .S o l n .
R e l . R a t e , d  ^
A q .S o l n .
p -D ioxane 0 .2 8 0 . 3 3 ------- -------
M ethano l 0 .0 8 0 . 1 0 0 . 1 1 0 . 1 0
E t h a n o l ( 1 ) (1 ) ( 1 ) ( 1 )
2 - P r o p a n o l 3 -3 3-1 3 . ^ 3 -3
( a )  R e l a t i v e  to  e t h a n o l .
(b )  D a ta  o f  A n b a r ,  e t  a l .  ( r e f .  1 2 a ) .  These  w o r k e r s  r e p o r t  an  a c c u r a c y  
o f  ±10£ .
( c )  Data  o f  S c h o l e s  and S im ic  ( r e f .  1 2 b ) .
( d )  D a ta  o f  J .  R a b a n i  ( r e f .  1 2 c ) .
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The f a c t  t h a t  t h e r e  i s  no d i s c e r n i b l e  s o l v e n t  e f f e c t  f o r  t h e  r e ­
a c t i o n  o f  h y d ro g e n  atoms w i t h  th e  s u b s t r a t e s  i s  i n  a g re e m e n t  w i t h  
o b s e r v a t i o n s  o f  Anbar and N e ta 1 3 . G e n e r a t i o n  o f  h y d ro g e n  a toms by 
aqueous  r a d i o l y s i s  p ro d u c e d  b o th  h y d ro g e n  and h a l o g e n  a b s t r a c t i o n s  
from a s e r i e s  o f  h a l o g e n o a l i p h a t i c  a c i d s :
H* + XCH'-COOH -* *CH2COOH + HX (1 9 )
H* + XCH2COOH -  XCHCOOH + H2 (2 0 )
A c o r r e l a t i o n  was n o te d  be tw een  t h e  r a t e s  o f  r e a c t i o n s  ( 1 9 ) and ( 2 0 ) ,  
b u t  none was found be tw een  th e  r a t e s  o f  d e h a l o g e n a t i o n  ( r e a c t i o n  1 9 ) 
and r a t e s  o f  a t t a c k  by a q u a t e d  e l e c t r o n s 14 ( r e a c t i o n  2 1 ) :
e " ^  + XCH2COOH -  -CH£COOH + X" (21
S i n c e  t h e  l a t t e r  r e a c t i o n  i s  a c h a r g e - t r a n s f e r  p r o c e s s ,  Anbar and Neta  
c o n c lu d e d  t h a t  d e h a l o g e n a t i o n  by h y d ro g e n  atom was an  a tom  t r a n s f e r  
p r o c e s s ,  and t h a t  t h e  t r a n s i t i o n  s t a t e  decomposes  t o  HX +  R* r a t h e r
t h a n  H+ + RX . Thus o n ly  t h e  l i m i t e d  h y d r a t i o n  o f  h y d ro g e n  atom* i s
i n v o l v e d .  S o ,  i f  s o l v e n t  e f f e c t s  a r e  n e g l i g i b l e  i n  an a q u eo u s  medium 
f o r  a  p r o c e s s  l i k e  r e a c t i o n  ( 1 9 ) where  t h e r e  i s  a  g r e a t  p o s s i b i l i t y  
f o r  c h a r g e  s e p a r a t i o n  a t  t h e  t r a n s i t i o n  s t a t e ,  c e r t a i n l y  h y d r o g e n  
a b s t r a c t i o n s  would n o t  be e x p e c t e d  t o  be d e p e n d e n t  on t h e  n a t u r e  o f  t h e  
s o l v e n t .
ISOTOPE EFFECTS
I t  h a s  been  p o i n t e d  o u t  t h a t  t h e  r e l a t i v e  r a t e s  o b t a i n e d  in  t h i s  
method o f  a n a l y s i s  c o n t a i n  t h e  i s o t o p e  e f f e c t  I s . In  o r d e r  f o r  t h e s e
*Szw arc15 measured  t h e  h e a t  o f  s o l u t i o n  o f  h y d ro g e n  atom i n  l i q u i d  
b u t a n e  and found H* t o  be more p o l a r i z a b l e  t h a n  b o th  m o l e c u l a r  h y d ro g e n  
(H^) and h e l i u m ,  b u t  l e s s  p o l a r i z a b l e  t h a n  a r g o n .
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numbers  t o  be t r u e  r e l a t i v e  r a t e s ,  I 8 m us t  be c o n s t a n t *  r e g a r d l e s s  o f  
t h e  n a t u r e  o f  Q*. Very l i t t l e  d a t a  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  
on  i s o t o p e  e f f e c t s  f o r  h y d ro g e n  a b s t r a c t i o n s  f rom  t h i o l s .  A l l  t h a t  
c o u l d  be found i s  p r e s e n t e d  i n  T a b le  I I I .
The two a l k y l  r a d i c a l s  have  v e r y  s i m i l a r  i s o t o p e  e f f e c t s ,  a l t h o u g h  
t h e  t h i o l  i s  n o t  t h e  same i n  b o th  c a s e s .  The t e t r a l i n  p e r o x y  r a d i c a l  
i s  v e r y  d i f f e r e n t  from t h e  o t h e r  two r a d i c a l s ,  and th e  t h i o l  i n v o l v e d  
i s  a  h i g h l y  h i n d e r e d  a r o m a t i c  compound. D e s p i t e  t h e s e  v a s t  d i f f e r e n c e s ,  
t h e  i s o t o p e  e f f e c t s  do n o t  v a r y  g r e a t l y .  I t  m ig h t  be  e x p e c t e d  t h a t  the  
i s o t o p e  e f f e c t  would r e m a in  r e l a t i v e l y  c o n s t a n t  f o r  a  s i m i l a r  s e r i e s  
o f  Q* r a d i c a l s  a b s t r a c t i n g  h y d r o g e n  from t h e  same t h i o l .
The good a g re e m e n t  o b t a i n e d  w i t h  t h e  a q u eo u s  p h a se  r a d i o l y s i s  
d a t a  l end  c r e d e n c e  t o  t h i s  a s s u m p t i o n .  W i t h i n  e x p e r i m e n t a l  e r r o r ,  t h e  
r e l a t i v e  r a t e  c o n s t a n t s  a r e  t h e  same f o r  a l l  f o u r  s e t s  o f  d a t a .  T h i s  
s t r o n g l y  i m p l i e s  t h a t ,  a t  l e a s t  w i t h i n  t h i s  s e r i e s  o f  s u b s t r a t e s ,  t h e  
i s o t o p e  e f f e c t  I Q can  s a f e l y  be r e g a r d e d  a s  a  c o n s t a n t .
On t h e  b a s i s  o f  t h i s  good a g r e e m e n t ,  t h e  r e l a t i v e  r a t e  c o n s t a n t s  
c an  be p u t  on an  a b s o l u t e  b a s i s .  Anbar123 q u o t e s  a b s o l u t e  r a t e  co n ­
s t a n t s  i n  h i s  p a p e r ,  s i n c e  h e  had p r e v i o u s l y  d e t e r m i n e d  t h e  a b s o l u t e  
r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n  o f  h y d r o g e n  a toms w i t h  2 - p r o p a n o l . 20 
The a b s o l u t e  r a t e  c o n s t a n t s  g i v e n  i n  T a b l e  IV w e re  c a l c u l a t e d  by a s ­
suming a  c o n s t a n t  i s o t o p e  e f f e c t ,  I 8 , and u s i n g  A n b a r ' s  v a l u e  o f  f o r  
2 - p r o p a n o l  o f  5*0 x 107 1.  m o le -1  s e c . - 1 .
♦The r a t i o  o f  s l o p e s  i n v o l v e s  I7 a l s o ,  b u t  i t  i s  a  c o n s t a n t  i n  a l l  r u n s .
T h e r e f o r e ,  v a l u e s  o f  k^ a l l  c o n t a i n  th e  c o n s t a n t  p r o d u c t  ^ t a  1 ^ . ’
TABLE III
ISOTOPE EFFECTS FOR HYDROGEN ABSTRACTIONS FROM 
THIOLS BY VARIOUS RADICALS 
Q* +  RSH -• QH +  RS ■
Q* RSH V S R e f .
P o l y s t y r y l n - B u t a n e t h i o l i*.o IT
C y c l o h e x y l H ydrogen  s u l f i d e 3 . 5 (a> 18
T e t r a l l n
Peroxy
2 ,4 , 6 - T r i - t - b u t y l  
t h i o p h e n o l 2 . 9 19
( a )  C a l c u l a t e d from = 6 u s i n g  th e Swain e q u a t i o n  ( r e f . 1 6 ) .
TABLE IV
ABSOLUTE RATE CONSTANTS FOR HYDROGEN 
ABSTRACTION BY HYDROGEN ATOMS AT 4 0 ° ^e ^
S u b s t r a t e kH(fl
D.............
(QH) ( 1 .  m ole -1 s e c . * 1 )
Cyclohexane
(b )T o l u e n e '
4-5 X 106
1-9 X 10®
E t h y l b e n z e n e ^ ^
/ fc 4 . 0 X 10*
Cumene 1 .1 X 10®
p-D ioxane 4 . 3 X 10®
M ethanol 1 .2 X 10®
E t h a n o l
( c )2 - P r o p a n o l
1 .5 X 10*
5 . 0 X 10*
2 , 3 “D im e th y lb u ta n e  
(d )Hexane
5 . 6 X 10®
3 -0 X 10®
Dodecane 6 .9 X
(0o
p - M e th o x y to lu e n e  
p -X y le n e ^ b ^
Methy l  p - T o l u a t e ^ b ^
1 . 2 X 107
7 - 7 X 10®
2 . 2 X 10®
( a )  A l l  computed from th e  v a l u e  f o r  2 - p r o p a n o l .
( b )  B e n z y l i c  h y d ro g en s  o n l y .  See T a b le  I .
( c )  From Anbar  ( r e f .  2 0 ) .
( d )  Hardwick ( r e f .  21)  h a s  o b t a i n e d  a v a l u e  f o r  
h exane  o f  4 . 7  x  106 1. m o le -1 s e c . -1  by an 
I n d i r e c t  method.  There  i s  a g r e a t  d e a l  o f  
s c a t t e r  i n  t h e  f o u r  v a l u e s  h e  r e p o r t s  t o  g e t  
t h i s  mean v a l u e .  I t  i s  n o n e t h e l e s s  e n c o u r ­
a g i n g  to  see  such  good a g r e e m e n t .
( e )  R a t e s  a r e  p e r  m o l e c u l e .
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SELECTIVITY OF THE HYDROCEN ATOM
The m os t  s t r i k i n g  f e a t u r e  a b o u t  t h e  h y d ro g e n  a tom i s  t h e  g r e a t  
s e l e c t i v i t y  t h a t  i t  e x h i b i t s  i n  h y d ro g e n  a b s t r a c t i o n s .  T a b l e  V i l ­
l u s t r a t e s  t h i s  w i t h  r e l a t i v e  r a t e s  p e r  h y d r o g e n  f o r  t h e  a b s t r a c t i o n  
o f  p r i m a r y ,  s e c o n d a r y ,  and  t e r t i a r y  h y d r o g e n s  i n  t h r e e  s e r i e s  o f  com­
p o u n d s .  N o te  t h a t  i n  t h e  t a b l e ,  t h e  r a t e s  p e r  h y d r o g e n  a r e  r e l a t i v e  
t o  one s u b s t r a t e  w i t h i n  t h e  s e r i e s ;  t h e r e f o r e ,  d a t a  from one s e r i e s  
c a n n o t  be compared w i t h  d a t a  from a n o t h e r  s e r i e s .  F o r  t h a t  c o m p a r i s o n ,  
s e e  T a b l e  I .
S i n c e  h y d ro g e n  atom i s  so  h i g h l y  s e l e c t i v e ,  t h e  r e l a t i v e  r a t e s  in  
T a b l e  V w ere  o b t a i n e d  by a ssu m in g  t h a t  any  a c t i v i t y  in  t h e  p r i m a r y  
h y d r o g e n s  was n e g l i g i b l e  i n  c o m p a r i so n  to  a c t i v i t y  i n  t h e  s e c o n d a r y  o r  
t e r t i a r y  h y d r o g e n s .  To p u t  t h e s e  r a t e s  on a  p e r  h y d ro g e n  b a s i s ,  th e  
numbers  i n  t h e  f o u r t h  column o f  T a b le  I  w e re  d i v i d e d  by t h e  number o f  
l a b i l e  h y d r o g e n s  i n  t h e  s u b s t r a t e , n e g l e c t i n g  t h e  p r i m a r y  h y d r o g e n s  u n ­
l e s s  t h e y  w ere  t h e  o n l y  ones  a v a i l a b l e .
I t  was n o t  p o s s i b l e  to  a s c e r t a i n  t h e  r e a c t i v i t y  o f  p r i m a r y  a l k y l  
h y d ro g e n s  s i n c e  no a l k a n e  w hich  had o n l y  p r i m a r y  h y d r o g e n s  was s t u d i e d .  
H owever ,  t h e  g r e a t  s e l e c t i v i t y  s t i l l  h o l d s  f o r  t h i s  s e r i e s ,  a s  e v i d e n c e d  
by t h e  b i g  p r e f e r e n c e  f o r  a b s t r a c t i o n  o f  a  t e r t i a r y  h y d r o g e n  t o  a  s e c o n ­
d a r y  h y d r o g e n .  T h i s  f a c t o r  o f  7*5 I s  a c t u a l l y  l a r g e r  t h a n  t h e  f a c t o r s  
i n  t h e  o t h e r  two s e r i e s ,  so i t  m ig h t  be  e x p e c t e d  t h a t  t h e  d i f f e r e n c e  i n  
r a t e s  f o r  s e c o n d a r y  and p r im a r y  h y d ro g e n s  would be even  l a r g e r  i n  t h e  
a l k a n e s .
The g r e a t  s e l e c t i v i t y  o f  t h e  h y d ro g e n  a tom c a n  be b e t t e r  a p p r e c i a t e d  
I f  a  c o m p a r i so n  i s  made w i t h  o t h e r  t y p i c a l  f r e e  r a d i c a l s .  Such a  c o m p a r i ­
s o n  i s  g i v e n  i n  T a b le  VI f o r  th e  a b s t r a c t i o n  o f  b e n z y l i c  h y d r o g e n s  by 
v a r i o u s  r a d i c a l s .
TABLE V 
SELECTIVITY OF HYDROGEN ATOM 
IN HYDROGEN ABSTRACTIONS
R e l a t i v e R a t e s  o f  A b s t r a c t i o n ^ 8 ^
Type Hydrogen 
A b s t r a c t e d
B e n z y l i c ^ 15
S e r i e s
( c )A l c o h o l ' 1 '  
S e r i e s
A l k a n e ^   ^
S e r i e s
P r im a ry CD ( 1 ) -------
S e c o n d a r y 31 15 ( 1 )
T e r t i a r y 166 94 7*5
( a )  P e r  h y d r o g e n .
( b )  T o l u e n e ,  e t h y l b e n z e n e , cumene.
( c )  M e th a n o l ,  e t h a n o l ,  2 - p r o p a n o l .
( d )  Hexane ,  d o d e c a n e ,  2 , 3 * d i m e t h y l b u t a n e .
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TABLE VI
A COMPARISON OP RATES OF ABSTRACTION OF BENZYLIC HYDROGENS 
(PER HYDROGEN) BY VARIOUS FREE RADICALS
R a d i c a l  a n d /  x 
T e m p e r a tu r e
R e l a t i v e  R a t e  P e r  B e n z y l i c Hydrogen
R e f .P r i m a r y  S e c o n d a r y T e r t i a r y
oo•X
( 1 )  3 1 . 166 . —
CH3 *, 100° ( l )  k . o 1 3 .0 22
C l * ,  40° ( l )  2 . 5 5 . 6 23
Br • , 1+0° ^b ^ ( l )  17 -2 37 -0 2k
Br *, 8 0 ° ^ ( 1 )  2h. 5 0 . 25
-(CH£ )n -CH2 * , 130° ( 1 )  6 . 12. 26
Ph* , 60° ( i )  k . 6 9 - 7 27
p-N0£Ph*,  60° ( 1 )  4 . 8 2 0 . 28
( a )  A l l  a r e  s o l u t i o n  p h a s e  d a t a .
( b )  Br^  a s  Br* s o u r c e .
( c )  NBS a s  Br* s o u r c e .
( d )  T o l u e n e  t a k e n  a s  r e f e r e n c e  i n  eac h  h o r i z o n t a l  s e r i e s .  R a t e s  can  
n o t  be compared  v e r t i c a l l y ;  i . e . ,  from one r a d i c a l  t o  t h e  n e x t .
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M e th y l ,  p o l y m e t h y l e n e ,  and p h e n y l  show s e l e c t i v i t i e s  t y p i c a l  o f  
f r e e  r a d i c a l s ,  w i t h  t h e  t e r t i a r y  b e n z y l i c  h y d ro g e n  b e i n g  a b s t r a c t e d  
a b o u t  10 t i m e s  more r e a d i l y  t h a n  th e  p r i m a r y  h y d r o g e n .  The p - n i t r o -  
p h e n y l  r a d i c a l  i s  somewhat more s e l e c t i v e ,  and  c h l o r i n e  a tom i s  h i g h l y  
u n s e l e c t i v e .  Bromine a tom  i s  t h o u g h t  t o  be a  q u i t e  s e l e c t i v e  f r e e  
r a d i c a l ,  and  y e t  i n  t h i s  s e r i e s  h y d r o g e n  a tom i s  t h r e e  t o  f o u r  t im e s  
more s e l e c t i v e  w i t h  r e s p e c t  t o  t h e  t e r t i a r y  h y d r o g e n .
REASONS FOR SELECTIVITY
One m ig h t  f i r s t  exam ine  t h e  e n e r g e t i c s  i n v o l v e d  i n  h y d ro g e n  a b ­
s t r a c t i o n s  by h y d r o g e n  a tom  i n  s e a r c h  o f  a n  e x p l a n a t i o n  f o r  i t s  g r e a t  
s e l e c t i v i t y .  D a ta  f o r  t h e  r e a c t i o n s  o f  h y d r o g e n  a t o m s ,  m e th y l  r a d i c a l s ,  
and  bromine a toms w i t h  h y d r o c a r b o n s  i n  t h e  gas  p h a se  a r e  a v a i l a b l e  f o r  
c o m p ar i so n  ( T a b l e  V I l ) .
The two l i s t i n g s  f o r  t h e  a c t i v a t i o n  e n e r g i e s  i n  t h e  r e a c t i o n s  o f  
H* i l l u s t r a t e  t h e  d i s c r e p a n c i e s  t h a t  e x i s t  i n  t h e  l i t e r a t u r e  f o r  d a t a  
o f  t h i s  s o r t .  T h r u s h 31 h a s  t a k e n  t h e  r a t e  c o n s t a n t s  d e t e r m i n e d  by a  
number o f  w o r k e r s  and  c a l c u l a t e d  a c t i v a t i o n  e n e r g i e s  a s s u m in g  a c o n s t a n t  
f r e q u e n c y  f a c t o r  o f  1 .5  x  1011 1 .  m o le -1 s e c . ”1 f o r  a l l  t h e  g a se o u s  
a l k a n e s .  Yang32 a c t u a l l y  d e t e r m i n e d  b o t h  a c t i v a t i o n  e n e r g i e s  and  f r e ­
quency  f a c t o r s  by f o l l o w i n g  t h e  ch an g e  i n  r a t e  c o n s t a n t s  w i t h  t e m p e r a ­
t u r e .  The a g r e e m e n t  i n  t h e  two s o u r c e s  o f  Efl i s  n o t  bad f o r  e t h a n e ,  
b u t  t h e r e  i s  c l e a r l y  no w e l l  e s t a b l i s h e d  E& f o r  i s o b u t a n e .
A c l o s e  lo o k  a t  T ab le  V II d i s c l o s e s  th a t  hydrogen atom and m ethyl  
r a d ic a l  show s i m i l a r  e n e r g e t i c  b e h a v io r ,  and th a t  both a r e  v e ry  d i f ­
f e r e n t  from bromine atom . A ccord in g  to  th e  Hammond p o s t u l a t e 3 3 , th e  
t r a n s i t i o n  s t a t e  X-H-R should  l i e  c l o s e  t o  p rod u cts  when X* i s  bromine 
and c l o s e  to  r e a c ta n t3  when X* i s  m ethyl or hyd rogen . There should  be
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ENERGETICS 
THREE RADICALS WITH 
X* +
TABLE V I I  
FOR THE REACTIONS OF 
SIMPLE ALKANES IN THE GAS 
RH XH + R •
PHASE
R- X*
4HR( a )
( k c a l . / m o l e )
Ea
( k c a l . / m o l e )
c h 3- Br* + 1 6 .6 I 8 . 3 ( b )
c 2 h 5 - Br • + 1 0 .6 1 3 . * < b >
t - C 4H9 - Br • +  3*6 7 - 5 ( b )
CH3- c h3 - 0 .0 U . 5 ( c )
c 2h 5 - c h 3 * -  6 .0 1 1 . 9 ( c )
t - C 4 H9 - c h 3 * - 1 3 .0 8 . 2 ( c )
c h 3 - h * -  0 .2 1 4 . 0 ^
c 2h 5 - h * -  6 .2 8 . 6 ( e ) , 9 - 9 ( d )
t - C 4H9 - H* - 1 3 .2 U . 7 ^e ^ , 7 . ^ d '
( a )  C a l c u l a t e d  f ro m  bond  e n e r g i e s  g i v e n  i n  r e f .  U.
( b )  R e f .  2 9 -
( c )  R e f .  50*
( d )  R e f .  3 1 .
( e )  R e f .  3 2 .
a  g r e a t  d e a l  o f  bond b r e a k i n g  i n  t h e  f o r m e r  c a s e  an d  v e r y  l i t t l e  i n  t h e  
l a t t e r .  C o n s e q u e n t l y ,  t h e  g r e a t  s e l e c t i v i t y  t h a t  b ro m in e  a tom  e x h i b i t s  
c a n  r e a d i l y  be  a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  s t r e n g t h s  o f  t h e  p r i m a r y ,  
s e c o n d a r y ,  and  t e r t i a r y  C-H b o n d s .  On t h i s  b a s i s ,  one  w ould  e x p e c t  
h y d r o g e n  a to m  t o  r e a c t  u n s e l e c t i v e l y  a s  d o e s  m e t h y l  r a d i c a l  s i n c e  so  
l i t t l e  bond b r e a k i n g  o c c u r s  a t  t h e  t r a n s i t i o n  s t a t e .  Of c o u r s e ,  t h i s  
i s  f a r  from w h a t  i s  o b s e r v e d  e x p e r i m e n t a l l y .  I n  t h i s  r e s p e c t ,  h y d r o g e n  
a to m  d i s o b e y s  t h e  u s u a l  r u l e  o f  a  r e a c t i v e  r a d i c a l  b e i n g  u n s e l e c t i v e ,  
and  v i c e - v e r s a 3 4 .
I t  h a s  b e e n  s u g g e s t e d  t h a t  p e r h a p s  t h e  s e l e c t i v i t y  o f  t h e  h y d r o g e n  
a to m  i s  a  r e s u l t  o f  t h e  f o r m a t i o n  o f  a  com plex  w i t h  t h e  s u b s t r a t e s ,  
su ch  a s  R u s s e l l  o b s e r v e d  i n  f r e e  r a d i c a l  c h l o r i n a t i o n s 3 5 . However ,  
t h i s  s e l e c t i v i t y  i s  a l s o  e v i d e n t  w i t h  a l k a n e s  b o t h  i n  s o l u t i o n  ( T a b l e  V) 
and i n  t h e  ga s  p h a s e 3 2 , and  c e r t a i n l y  no c o m p l e x a t i o n  would be e x p e c t e d  
w i t h  t h e s e  compounds.
The s e l e c t i v i t y  o f  a  r a d i c a l  c a n  be  e x p r e s s e d  q u a n t i t a t i v e l y  by 
d e t e r m i n i n g  t h e  v a l u e  o f  a  i n  t h e  P o l a n y i  e q u a t i o n 3 6 :
E » a [ D ( R - H ) - C ]  ( 2 2 )
I n  t h i s  e q u a t i o n  E i s  t h e  a c t i v a t i o n  e n e r g y  f o r  h y d r o g e n  a b s t r a c t i o n ,A
D(R-H) i s  t h e  bond s t r e n g t h  o f  t h e  c a r b o n - h y d r o g e n  bond t h a t  i s  b r o k e n ,  
a n d  or and  C a r e  c o n s t a n t s .  A h i g h  v a l u e  o f  a  i n d i c a t e s  a  l a r g e  d e g r e e  
o f  s e n s i t i v i t y  to  t h e  s t r e n g t h  o f  t h e  c a r b o n - h y d r o g e n  bond b e i n g  b r o k e n .  
F i g u r e  2 i s  a  p l o t  o f  t h e  P o l a n y i  e q u a t i o n  f o r  t h e  r e a c t i o n s  o f  t h r e e  
r a d i c a l s  w i t h  h y d r o c a r b o n s  i n  t h e  gas  p h a s e .  Some o f  t h e  d a t a  u sed  in  
t h e  c o n s t r u c t i o n  o f  t h i s  p l o t  i s  g i v e n  i n  T a b l e  V I I  ( s e e  r e f .  2 9 - 3 2 ) .
The g r a p h  y i e l d s  numbers  f o r  a  and  C w h ic h  a r e  sum m arized  i n  T a b l e  V I I I .
90 94 98 102
D(R-H) ( k c a l . / m o l e )
FIGURE 2 .  P o l a n y i  p l o t  f o r  t h r e e  r a d i c a l s .  The r e ­
a c t i o n  i s  h y d r o g e n  a b s t r a c t i o n  f rom  s i m p l e  g a s e o u s  
a l k a n e s .  A Bromine a tom  ( r e f .  2 9 ) -  ■ M e th y l  r a d i c a l
( r e f .  5 0 ) .  •  Hydrogen  a tom  ( r e f .  5 1 ,  5 2 ) .
TABLE V I I I  
POLANYI PARAMETERS FOR THE REACTIONS OF 
OF H*, CH3 *, AND Br* WITH ALKANES IN THE GAS PHASE
R a d i c a l a
c
( k c a l . / m o l e )
• 69 8 4 . 0
c h 3 » V d> 7 ^ . 3 ( d )
B r - ( c ) ■86<d) 8 2 . 5 ( d )
( a )  D a t a  f o r  p l o t  from r e f .  31.  32 .
( b )  R e f .  3 0 .
( c )  R e f .  2 9 .
( d )  From a p l o t  g i v e n  i n  r e f .  4b .
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The l e a s t  s q u a r e s  l i n e  f o r  H* was c o n s t r u c t e d  u s i n g  a l l  p o i n t s  
from b o th  s e t s  o f  d a t a 3 1 ’ 32 w i t h  t h e  e x c e p t i o n  o f  T h r u s h ' s  e n e r g y  o f  
a c t i v a t i o n  f o r  i s o b u t a n e .  Such a l i n e  gave  t h e  l o w e s t  s t a n d a r d  d e v i a ­
t i o n  i n  Of o f  any  o f  t h e  o t h e r  c o m b i n a t i o n s  t h a t  were  t r i e d :  T h r u s h ' s
d a t a  o n l y ,  Y a n g ' s  d a t a  o n l y ,  and b o th  s e t s  o f  d a t a  t o g e t h e r .
As t h e  Hattanond p o s t u l a t e  p r e d i c t s ,  b romine  atom i s  most s e n s i t i v e  
t o  s t r e n g t h  o f  t h e  bond b e i n g  b r o k e n .  Hydrogen a tom l i e s  midway 
be tw een  t h e  o t h e r  two r a d i c a l s ,  and  so some o f  i t s  s e l e c t i v i t y  can  be 
a t t r i b u t e d  t o  t h e  C-H bond s t r e n g t h .  One i n t e r e s t i n g  f e a t u r e  h o l d s  f o r  
t h e s e  t h r e e  r a d i c a l s ,  a s  w e l l  a s  e v e r y  known r a d i c a l  s p e c i e s .  I f  t h e  
a  and  C v a l u e s  f o r  t h e  r e a c t i o n  o f  a p a r t i c u l a r  r a d i c a l  w i t h  a l k a n e s  
a r e  used  t o  p r e d i c t  t h e  r e a c t i o n  o f  t h a t  r a d i c a l  w i t h  t o l u e n e ,  i t  i s  
found  t h a t  th e  r e a c t i o n  p r o c e e d s  f a r  s l o w e r  t h a n  e x p e c t e d .  T h a t  i s ,  
r a d i c a l s  d i s t i n g u i s h  be tw een  p r i m a r y ,  s e c o n d a r y ,  and t e r t i a r y  h y d ro g e n s  
b o t h  i n  a l k a n e s  and a t  b e n z y l i c  p o s i t i o n s ,  b u t  t h e y  a r e  a l l  r e l a t i v e l y  
i n s e n s i t i v e  t o  w h e t h e r  t h e  h y d ro g e n  h a s  a n  a d j a c e n t  p h e n y l  g ro u p .  Fo r  
e x a m p l e ,  u s i n g  t h e  v a l u e s  o f  Of ■ .49  and C * 7 4 . 3  f o r  t h e  r e a c t i o n  o f  
m e t h y l  r a d i c a l s  w i t h  a l k a n e s ,  t o l u e n e  i s  p r e d i c t e d  to  be 102 t im e s  more 
r e a c t i v e  t h a n  e th an e ;  a c t u a l l y  i t  i s  o n ly  10-20  t im e s  more r e a c t i v e .
F o r  b rom ine  a to m s ,  t o l u e n e  i s  p r e d i c t e d  t o  be 107  t im e s  more r e a c t i v e  
and  i s  found  t o  be o n l y  104 t im e s  a s  r e a c t i v e .
An e x p l a n a t i o n  f o r  t h i s  anomaly  h a s  been  s u g g e s t e d 2 7 *3 7 , and  th e  
p e c u l i a r l y  s e l e c t i v e  n a t u r e  o f  t h e  h y d ro g e n  a tom  may l e n d  c r e d e n c e  to  
t h i s  t h e o r y .  The s u g g e s t i o n  i s  t h a t  s t e r i c  s t r a i n  ( B - s t r a i n ) 3® from 
n on-bonded  i n t e r a c t i o n s  i n  t h e  t e t r a h e d r a l  c a r b o n  i s  r e l i e v e d  a s  a  
p l a n a r  c o n f i g u r a t i o n  i s  a p p r o a c h e d ,  and  t h a t  t h i s  r e l i e f  o f  s t r a i n  i s  
g r e a t e s t  f o r  a  t e r t i a r y  c a r b o n .  When th e  C-H bond i s  s l i g h t l y  s t r e t c h e d ,
k2
r e l i e f  o f  B - s t r a i n  i s  more s i g n i f i c a n t  t h a n  g e n e r a t i o n  o f  odd e l e c t r o n  
d e n s i t y  a t  t h e  c a r b o n .  The l a t t e r  i s  more i m p o r t a n t  when t h e  bond i s  
e x t e n s i v e l y  r u p t u r e d ^ .  In  f r e e  r a d i c a l  r e a c t i o n s  w here  o n ly  a sm a l l  
amount o f  bond b r e a k i n g  o c c u r s  a t  t h e  t r a n s i t i o n  s t a t e ,  an  a d j a c e n t  
p h e n y l  g roup  c o n t r i b u t e s  v e r y  l i t t l e  r e s o n a n c e  s t a b i l i z a t i o n  t o  t h e  
nascen t  r a d i c a l .  C o n s e q u e n t l y ,  a b s t r a c t i o n  o f  a  b e n z y l i c  h y d ro g e n  does  
n o t  t a k e  p l a c e  a s  r e a d i l y  a s  i t s  low bond s t r e n g t h  m ig h t  s u g g e s t .
The h y d ro g e n  atom i s  t h e  s m a l l e s t  p o s s i b l e  f r e e  r a d i c a l ,  and th u s  
o f f e r s  t h e  l e a s t  i n t e r f e r e n c e  t o  f l a t t e n i n g  o f  t h e  t e t r a h e d r o n  a s  bond 
s t r e t c h i n g  b e g i n s .  T h i s  a l l o w s  t h e  maximum r e l i e f  o f  s t r a i n ,  w h e re a s  
a l a r g e r  r a d i c a l  l i k e  m e th y l  or  p h e n y l  o f f e r s  r e s i s t a n c e  to  t h e  e x p a n d in g  
b a c k s i d e  g r o u p s .  The i n c r e a s e d  d i f f e r e n t i a l  i n  amount o f  s t r a i n  r e ­
l i e v e d  i n  g o in g  from a p r im a r y  to  a s e c o n d a r y  t o  a t e r t i a r y  c a r b o n  
when t h e  a t t a c k i n g  r a d i c a l  i s  sm a l l  a c c o u n t s  f o r  the  g r e a t  s e l e c t i v i t y  
o f  th e  h y d r o g e n  a tom.
POLARITY OF HYDROGEN ATOM
S e v e r a l  w o r k e r s  h a v e  g o t t e n  r e s u l t s  which  d e m o n s t r a t e  t h e  e l e c t r o -  
p h i l i c  n a t u r e  o f  t h e  h y d ro g e n  a tom .  Anbar found t h a t  h y d ro g e n  atom 
a t t a c k s  t h e  a - h y d r o g e n  on a  c a r b o x y l a t e  i o n  f a s t e r  t h a n  th e  c o r r e s ­
p o n d in g  c a r b o x y l i c  a c i d .  He c o n c lu d e d  t h a t  t h i s  was i n  k e e p i n g  w i th  an 
e l e c t r o p h i l i c  s p e c i e s  s i n c e  th e  o v e r a l l  e l e c t r o n  d e n s i t y  i s  e x p e c t e d  
t o  be h i g h e r  on t h e  a n i o n  th a n  t h e  a c i d 1 3 . The d a t a  i n  T a b le  I I I  o f  
t h e  I n t r o d u c t i o n  s e c t i o n  show t h a t  one o f  th e  s e c o n d a r y  h y d r o g e n s  o f  
e t h a n o l  i s  a b s t r a c t e d  t h r e e  t im e s  f a s t e r  t h a n  a  s e c o n d a r y  h y d ro g e n  o f  
e t h y l e n e  g l y c o l 1 £ a . The a b s t r a c t e d  h y d ro g e n s  on each  compound a r e  a 
t o  an  -OH g r o u p ,  which  h a s  an  a c t i v a t i n g  e f f e c t  b e c a u s e  i t s  e l e c t r o n  
r e l e a s e  by r e s o n a n c e  o u tw e ig h s  i t s  e l e c t r o n  w i t h d r a w i n g  i n d u c t i v e
^3
e f f e c t .  I n  e t h y l e n e  g l y c o l ,  h o w e v e r ,  t h e r e  i s  a l s o  a  (3-OH g roup  which  
can  o n l y  a f f e c t  t h e  a b s t r a c t e d  a - h y d r o g e n  w i t h  i t s  i n d u c t i v e  e f f e c t .
The r e s u l t  i s  a  r e d u c t i o n  i n  t h e  r a t e  o f  a b s t r a c t i o n  w h ich  would  o c c u r  
o n ly  i f  t h e  a t t a c k i n g  r a d i c a l  w ere  e l e c t r o p h i l i c .
In  a n o t h e r  s t u d y ,  Anbar and c o w o r k e r s 39 m easu red  t h e  r a t e s  o f  a d ­
d i t i o n  o f  h y d ro g e n  a tom t o  a  number o f  s u b s t i t u t e d  b e n z e n e s .  They o b ­
t a i n e d  a  r a t h e r  p o o r  c o r r e l a t i o n  w i t h  Hansnett a  c o n s t a n t s 40 s i n c e  some 
o f  th e  f u n c t i o n a l  g roups  a t t a c h e d  to  t h e  a r o m a t i c  r i n g  a l s o  added  
h y d ro g e n  a tom s  ( e . g . ,  -N02 , -COCH3 ) . I t  was c l e a r ,  h o w e v e r ,  t h a t  
e l e c t r o n  r e l e a s i n g  s u b s t i t u e n t s  (-NHg, -OH) a c t i v a t e d  t h e  r i n g  and 
e l e c t r o n  w i t h d r a w i n g  g ro u p s  ( - S 0 3 , -CN) d e a c t i v a t e d  i t .
R e l a t i v e  r a t e  c o n s t a n t s  o f  t h e  s u b s t i t u t e d  t o l u e n e s  t a k e n  from 
T a b le  I  c an  be p l o t t e d  a c c o r d i n g  t o  t h e  Hammett e q u a t i o n :
l o g  ( k / k o )  = crp (2 3 )
The r a t e  c o n s t a n t s  a r e  r e c a l c u l a t e d  r e l a t i v e  t o  t o l u e n e  and l i s t e d  i n  
T a b l e  IX, a l o n g  w i t h  t h e  l o g a r i t h m s  o f  t h e s e  r e l a t i v e  r a t e s  and t h e  
v a l u e  o f  t h e  o  and  ct+  c o n s t a n t s  f o r  th e  p a r t i c u l a r  s u b s t i t u e n t .  I t  
was found t h a t  t h e  o"*” c o n s t a n t s '*1 gave t h e  b e t t e r  f i t ,  a l t h o u g h  s c a t t e r  
i s  e v i d e n t  ( F i g u r e  3)* The l i n e  h a s  a  v a l u e  o f  p ■ - 0 . 7  which  i s  i n ­
d i c a t i v e  o f  a n  e l e c t r o p h i l i c  r a d i c a l .  F o r  p u r p o s e s  o f  c o m p a r i s o n ,  p 
v a l u e s  f o r  s e v e r a l  r a d i c a l s  a r e  l i s t e d  i n  T a b le  X. The h a l o g e n s  a r e  
e l e c t r o p h i l i c  s p e c i e s  a s  one would e x p e c t ,  and  h y d r o g e n  a tom  i s  a b o u t  
a s  e l e c t r o p h i l i c  a s  c h l o r i n e  a tom .  P h e n y l  and m e th y l  r a d i c a l s  show 
a l m o s t  no p o l a r  e f f e c t s ,  b u t  p - n i t r o - p h e n y l  i s  somewhat e l e c t r o p h i l i c .
A t t e m p ts  w ere  made t o  c o l l e c t  more d a t a  f o r  t h e  Hammett p l o t  w i t h  
no s u c c e s s .  T h r e e  h a l o g e n o - t o l u e n e s , m -brom o- ,  m - c h l o r o - , and p - c h l o r o - , 
w ere  s t u d i e d ,  b u t  i n  e a c h  c a s e  t h e  k i n e t i c  r e l a t i o n s h i p  was n o t  f o l l o w e d .
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TABLE IX 
DATA TOR HAMMETT PLOT OF THE 
REACTION OF H* WITH SUBSTITUTED TOLUENES
X i n  
X-PhCH^ v * § ( a ’ l o g ^ / k J J ) c<b >
-H 1 . 0 0 . 0 0 - 0 0J0
p - ch3 4 .1 0 .6 1 - 0 . 1 7 0 - 0 .3 1 1
p-OCH3 6 . 6 0 .8 2 - 0 . 2 6 8 - 0 .7 7 8
P-CO2CH3 l . l 0 . 0 4 +0 .385 -------
( a )  kj. Is  t h e  r e l a t i v e  r a t e  c o n s t a n t  f o r  t h e  s u b s t i t u t e d  t o l u e n e ;  
ifr t h e  r e l a t i v e  r a t e  c o n s t a n t  f o r  t o l u e n e .
( b )  From r e f .  4 0 a .
lo
g
1.0
p-CH
0.0
-.5
-.5 0 .5
FIGURE 3* Hamnett  p l o t  f o r  t h e  r e a c t i o n  o f  h y d ro g e n  
atom w i t h  s u b s t i t u t e d  t o l u e n e s .  S lo p e  = .p  ■ -0 -7*
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TABLE X
HAMMETT p VALUES FOR HYDROGEN ABSTRACTIONS FROM 
SUBSTITUTED TOLUENES BY VARIOUS RADICALS 
R* + X-PhCH3 -  RH + X-PhCH2 *
R a d ic a l
( R*) p R eferen ce
H* - 0 . 7  T h i s  Work
CH3 * - 0 . 1 6  22
Ph* - 0 . 1  27
p-N02P h • - 0 . 4 4  28
Cl* - 0 . 6 6  42
Br • - 1 .3 6  43
T h i s  h a s  b e en  a t t r i b u t e d  t o  i n t e r f e r e n c e  by HBr o r  HC1 w hich  was p r o ­
duced  i n  a l l  e x p e r i m e n t s  w i t h  t h e s e  h a l o g e n a t e d  a r o m a t i c s .  The s o u r c e  
o f  t h e  HX was p a r t l y  from p h o t o l y s i s  o f  t h e  s u b s t r a t e  and p a r t l y  from 
d i s p l a c e m e n t  o f  t h e  h a l o g e n  on t h e  r i n g  by h y d r o g e n  a tom ( s e e  E x p e r i ­
m e n t a l  s e c t i o n ) .  p - N i t r o t o l u e n e  was a l s o  a t t e m p t e d ,  b u t  r e d u c t i o n  o f  
t h e  n i t r o - g r o u p  by h y d ro g e n  a t o m s 3 9 *44 o c c u r r e d  t o  such  a  l a r g e  e x t e n t  
t h a t  v e r y  l i t t l e  a c t i v i t y  was i n c o r p o r a t e d  i n t o  t h e  s u b s t r a t e  ( s e e  Ex­
p e r i m e n t a l  s e c t i o n ) .
ACTIVATION ENERGIES
Some e n e r g i e s  o f  a c t i v a t i o n  f o r  h y d ro g e n  a b s t r a c t i o n  r e a c t i o n s  by 
h y d ro g e n  a toms h a v e  a l r e a d y  been  g i v e n  i n  T a b le  V I I .  However,  t h e s e  
a l l  i n v o l v e  s i m p l e  g a s e o u s  a l k a n e s  which  c a n n o t  be s t u d i e d  by t h e  p r e ­
s e n t  m ethod .  O th e r  v a l u e s  o f  E h ave  been  r e p o r t e d 45 w h ich  i n v o l v ea
r e a c t i o n s  o f  h y d ro g e n  a toms i n  t h e  gas  p h a se  g e n e r a t e d  by t h e  d i s c h a r g e
tu b e  m ethod .  The i n v e s t i g a t o r s  o f  such  sy s te m s  m easu re  c o l l i s i o n  y i e l d s
assume a  u n i f o r m  c o l l i s i o n  t h e o r y  s t e r i c  f a c t o r  o f  0 . 1 ,  and  e s t i m a t e
a c t i v a t i o n  e n e r g i e s  from t h e s e  p a r a m e t e r s .  So t h e s e  numbers a r e  good
g u e s s e s  a t  b e s t  and i n v o l v e  t h e  l a r g e  e r r o r s  e n c o u n t e r e d  i n  m e a s u r in g
c o l l i s i o n  y i e l d s  ( T a b l e  X l ) .
I n  t h i s  w o rk ,  v a l u e s  o f  k„  . w ere  d e t e r m i n e d  f o r  c y c l o h e x a n e  a tH , r e l
t h r e e  d i f f e r e n t  t e m p e r a t u r e s  and f i t  t o  t h e  A r r h e n i u s  e q u a t i o n :
kH/ k tag -  V r e l  '  < V AMg>“ I* '  <EH '  E« g )/RT <**>
w here  t h e  i s o t o p e  e f f e c t s  a r e  assumed c o n s t a n t  and  t h u s  n o t  g i v e n ,  A^ 
and a r e  ch e p r e - e x p o n e n t i a l  f a c t o r s  f o r  t h e  s u b s t r a t e  ( h e r e  c y c l o ­
h e x a n e )  and t h e  t h i o l  a l k y l  g r o u p ,  r e s p e c t i v e l y ,  and  E and E a r eH t a g
t h e  a c t i v a t i o n  e n e r g i e s .  Only a  d i f f e r e n c e  i n  t h e  a c t i v a t i o n  e n e r g i e s
TABLE XI
ACTIVATION ENERGIES FOR HYDROGEN ABSTRACTIONS BY 
H* MEASURED BY THE DISCHARGE TUBE METHOD
Compound E (a )  a
C yclop en tan e 7 - 5  ±  1-5
C yclohexane 8 . 0  ±  2 . 3
Pentane^k^ 8 . 5
„ (b )  Hexane 9-1
( a )  Re f .  4 6 .
( b)  No e rr o r  g iv e n .
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c a n  be d e t e r m i n e d  w i t h  t h i s  e q u a t i o n .  S i n c e  T a b l e  XI g i v e s  a  v a lu e
o f  E„ f o r  c y c l o h e x a n e ,  h o w e v e r ,  a n  e s t i m a t e  o f  E can  be made from H t a g
t h e  A r r h e n i u s  p l o t  ( F i g u r e  4 ) .  D a ta  used  t o  p l o t  e q u a t i o n  (24 )  and 
t h e  r e s u l t s  o f  t h e  p l o t  a r e  g i v e n  i n  T a b le  X I I .
As e x p e c t e d ,  a b s t r a c t i o n  o f  h y d ro g e n  from t h e  t h i o l  a l k y l  g roup  
o c c u r s  w i t h  a  low er  a c t i v a t i o n  e n e r g y  th a n  rem ova l  o f  a  c y c l o h e x y l  
h y d r o g e n .  A b s t r a c t i o n  o f  one o f  t h e  h y d r o g e n s  O t o  t h e  S-H g roup  
l e a d s  t o  t h e  f o r m a t i o n  o f  a r e s o n a n c e  s t a b i l i z e d  r a d i c a l ,  and no such  
s t a b i l i t y  i s  p o s s i b l e  w i t h  t h e  c y c l o h e x y l  r a d i c a l .
CH3CH£CH-S-H ~  CHoCH2 CH=S-HO f .  « •  w  &
ADDITION TO AROMATIC RINGS
As m e n t io n e d  b r i e f l y  i n  t h e  d i s c u s s i o n  o f  t h e  mechanism,  h y d ro g e n  
a tom a l s o  adds  to  a r o m a t i c  r i n g s  ( r e a c t i o n  ^ . I t  was p o i n t e d  o u t  t h a t  
a c t i v i t y  i n  t h e  r i n g  o f  an  a r o m a t i c  s u b s t r a t e  was s u b t r a c t e d  from th e  
t o t a l  a c t i v i t y  t o  a s c e r t a i n  t h e  r a t e  o f  hy d ro g en  a b s t r a c t i o n  from th e  
s i d e  c h a i n .  Now th e  s i g n i f i c a n c e  o f  t h e  a c t i v i t y  i n  t h e  r i n g  o f  t h o s e  
s u b s t r a t e s  w i l l  be d i s c u s s e d .
The a d d i t i o n  r e a c t i o n  i s  r e w r i t t e n  be low  w i t h  a more s p e c i f i c  r e ­
p r e s e n t a t i o n  o f  t h e  s i g m a - c o m p l e x , (HQH)*:
« •  + € > * -  ( 5 )
The f a t e  o f  t h i s  s ig m a-co m p lex 47 i s  s u b j e c t  t o  some q u e s t i o n .  One p o s ­
s i b i l i t y  i s  t h a t  i t  i s  scavenged  by  t h e  t h i o l  t o  y i e l d  a  s u b s t i t u t e d  
c y c l o h e x a d i e n e ;
“ X ^  +  PrSK -  » ) Q t  + PrS-  ( 2 5 )
I t  m ig h t  a l s o  d i s p r o p o r t i o n a t e  w i t h  a t h i y l  r a d i c a l  to  r e g e n e r a t e  t h e  
a r o m a t i c  compound:
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- 0.6
HQ)
)-lA
1? - 0.81—I
- 1.0
3 4
i  (Ok- 1 x i o 3)
FIGURE 4 .  A r r h e n i u s  p l o t  f o r  t h e  r e a c t i o n  o f  
h y d r o g e n  a to m  w i t h  c y c l o h e x a n e .  S l o p e  = (201 ± 
80 )  °K“1 .
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TABLE X I I
DATA FOR AND FROM THE ARRHENIUS PLOT FOR 
HYDROGEN ABSTRACTION FROM CYCLOHEXANE BY H*
T e m p e r a t u r e
( ° c ) ( a ^V r e l  ' 1 ° g ( k H . « l )
1 / T e m p e r a t u r e  
(°K  x l O 3 )
1 0 .0 0 . 1 4 7 - 0 . 8 3 2 3 - 5 3
4 0 . 0 0 . 1 5 6 - 0 .8 0 7 3 . 1 9
7 1 - 5 0 . 1 9 8 - 0 . 7 0 4 2 . 9 0
( EH” E t a g )  
( k c a l . / m o l e )
eh^
( k c a l . / m o l e )
E t a g  
( k c a l . / m o l e )
W k
. 9 3  ±  -37 8 . 0  ±  2 . 3 7 . 1  ±  2 . 3 • 75
( a )  P e r  h y d r o g e n :  a s s u m i n g  12 l a b i l e  h y d r o g e n s  f o r  c y c l o h e x a n e  and
2 l a b i l e  h y d r o g e n s  f o r  t h e  t h i o l  a l k y l  g r o u p .
( b )  From r e f .  4 6 ;  s e e  T a b l e  X I .
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S x f S \  +  P r S -  -  « jV r  +  PrSH (2 6 )
Two of  t h e  s ig m a -co m p lex e s  m ig h t  r e a c t  e i t h e r  by c o m b i n a t i o n  o r  d i s -  
p r o p o r t i o n a t i o n ,  a s  i n  t h e  r e a c t i o n s  b e lo w .
(2 7 )
s O O " «  <2 ®>
R i n g - l a b e l e d  s u b s t r a t e  i s  p ro d u ced  i f  a t r i t i u m  a tom  r a t h e r  t h a n  a 
h y d r o g e n  a tom  ad d s  t o  t h e  r i n g  i n  r e a c t i o n  (5 ) *  a ^d t h e  s igm a-com plex  
r e a c t s  a c c o r d i n g  t o  r e a c t i o n  (2 6 )  o r  ( 2 j ) .  S in c e  t h e  c o n c e n t r a t i o n  o f  
s ig m a -co m p lex e s  s h o u l d  be low i n  c o m p a r i so n  t o  t h e  c o n c e n t r a t i o n  o f  
t h i y l  r a d i c a l s ,  r e a c t i o n  (2 7 ) m ig h t  be n e g l e c t e d  a s  a  s o u r c e  o f  l a b e l e d  
s u b s t r a t e .  T h e r e f o r e ,  t h e  p r o d u c t i o n  o f  r i n g - l a b e l e d  QH, dQ *H /d t ,  can  
be w r i t t e n  a s  f o l l o w s :
d Q * H / d t  -  k 2 8 I d t s ( H Q I - ) ( R S - )  -  ka d I a d I d l s « ! H ) ( H - )
w here  t h e  k ' s  a r e  t h e  r a t e  c o n s t a n t s ,  i s  t h e i s o t o p e  e f f e c t  i n  th e
d i s p r o p o r t i o n a t i o n , and  1 ^  i s  t h e  i s o t o p e  e f f e c t  in  t h e  a d d i t i o n .  A 
s t e a d y  s t a t e  i n  (H*) f o l l o w e d  by i n t e g r a t i o n ,  r e a r r a n g e m e n t ,  and  i n ­
v e r s i o n  l e a d s  t o  t h i s  e q u a t i o n .
(P rS H W ( Q H ) n  L ^ ( k tr»~k ad >/ k d | ( k SH+k t a g ) / kd (PrSH)n
k ,1 . 1 . .  k ,1 . 1 , .  (QH)0Q*H th  ad ad d i s  ad ad d i s  w
w here  A r e p r e s e n t s  r i n g  a c t i v i t y  i n  QH, and t h e  o t h e r  symbols  have
t h e  same meaning  a s  b e f o r e .  Note  t h a t  t h i s  e q u a t i o n  i s  e x a c t l y  l i k e
e q u a t i o n s  ( 1 3 ) a "d  ( l 6 )  e x c e p t  t h a t  th e  r a t e  c o n s t a n t  i n  th e  d e n o m in a to r
o f  t h e  s l o p e  and i n t e r c e p t  t e rm s  i s  t h e  r a t e  c o n s t a n t  f o r  a d d i t i o n .  So
53
a p l o t  c o n s t r u c t e d  l i k e  t h o s e  f o r  h y d r o g e n  a b s t r a c t i o n s  w i l l  h a v e  a 
s l o p e  which  i s  i n v e r s e l y  p r o p o r t i o n a l  to  k ^ , c o r r e c t e d  by t h e  i s o t o p e  
e f f e c t s .  F u r t h e r m o r e ,  i t  c an  be s e e n  by i n s p e c t i o n  t h a t  an  e x p r e s s i o n  
f o r  t h e  r a t e  o f  i n c o r p o r a t i o n  o f  a c t i v i t y  i n t o  b o th  r i n g  and s i d e  c h a i n  
l e a d s  t o  a  k i n e t i c  e q u a t i o n  o f  t h e  f o l l o w i n g  fo rm :
(PrSH)Q/(QH)Q (V ka d ) /k d ( k SH+ k t a g ) / k d (PrSH)Q , }
QH, t o t  t h  V a ^ a d ^ d i s  W d y d i . W  ^
w h ere  A(
The s l o p e  o f  a p l o t  o f  e q u a t i o n  ( 5 0 )  w i l l  be  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  sum o f  t h e  r a t e  c o n s t a n t s  f o r  a d d i t i o n  and a b s t r a c t i o n ,  c o r r e c t e d  
by t h e  a p p r o p r i a t e  i s o t o p e  e f f e c t s .  C om par ison  o f  e q u a t i o n s  (13)>  ( 2 9 ) ,  
and  ( 5 0 ) shows t h a t  t h e  r e c i p r o c a l  o f  t h e  s l o p e  o f  a  p l o t  f o r  t h e  t o t a l  
a c t i v i t y  s h o u ld  e q u a l  t h e  sum o f  t h e  r e c i p r o c a l s  o f  t h e  s l o p e s  o f  r i n g  
and s i d e  c h a i n  p l o t s .
F i g u r e  ^ i s  a  p l o t  o f  t h e s e  t h r e e  e q u a t i o n s  f o r  t o l u e n e .  The d a t a  
f o r  t o t a l ,  r i n g ,  and  s i d e  c h a i n  a c t i v i t i e s  each  y i e l d  t h e  s t r a i g h t  l i n e  
p r e d i c t e d  by th e  k i n e t i c  r e l a t i o n s h i p s .  The s l o p e s  o b t a i n e d  f rom  t h e  
g r a p h  a r e  summarized i n  T a b l e  X I I I .  Note  t h a t  t h e  r e c i p r o c a l  o f  t h e  
s l o p e  f o r  t h e  t o t a l  a c t i v i t y  e q u a l s  t h e  sum o f  t h e  r e c i p r o c a l s  o f  t h e  
o t h e r  two s l o p e s .
F o r  r e a s o n s  m e n t io n e d  e a r l i e r  c o n c e r n i n g  c h an g e s  i n  k^ w i t h  a g i n g  
o f  t h e  lam ps ,  t h e  s l o p e  o f  a  p l o t  o f  r i n g  a c t i v i t y  i s  compared t o  t h e  
s l o p e  o f  a  p l o t  o f  t h i o l  a l k y l  g ro u p  a c t i v i t y  t o  d e t e r m i n e  r e l a t i v e  
r a t e s .  D a ta  o b t a i n e d  i n  t h i s  manner  a r e  g i v e n  in  T a b le  XIV.
A good k i n e t i c  f i t  o f  t h e  d a t a  i s  n o t  s u f f i c i e n t  p r o o f  t h a t  t h e  • 
mechanism i s  c o r r e c t  and  t h a t  t h e  numbers i n  T a b l e  XIV r e p r e s e n t  t r u e  
r e l a t i v e  r a t e s  o f  a d d i t i o n .  F o r  e x am p le ,  p r o d u c t i o n  o f  r i n g - l a b e l e d
r e p r e s e n t s  t h e  t o t a l  a c t i v i t y  i n  QH ( r i n g  p l u s  s i d e  c h a i n ) .
5^
7
50
5
4J
30
Xo W
W
10
1
2  4 6 8 10
(PrSH)0 /(Q H )0
FIGURE 5- P l o t  o f  t h e  k i n e t i c  r e l a t i o n s h i p s  f o r  t o l u e n e  
t o t a l ,  r i n g ,  and  s i d e  c h a i n  a c t i v i t i e s .  A T o t a l  a c t i v i t y ;  
s l o p e  « ( . 6 2 9  ±  . 0 1 3 ) x 107 s e c .  ■ R in g  a c t i v i t y ;  s l o p e  *  
( . 7 ^ 0  ±  .0 1 5 )  x 107 s e c .  #  S i d e  c h a i n  a c t i v i t y  ( r e a d  the  
r i g h t  o r d i n a t e ) ;  s l o p e  * ( 4 .11  ±  . 0 8 )  x  107 s e c .
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TABLE X I I I
VALUES OF THE SLOPES OBTAINED FROM PLOTS FOR 
TOTAL, RING, AND SIDE CHAIN ACTIVITIES OF TOLUENE
T o t a l  R in g  S id e  C h a in
S lo p e  ( s e c ,  x 10~7 )
0 .6 2 9  0 - 7 4 0  4 .1 1
1 / S l o p e  ( s e c . -1  x 10 7 )
1 .5 9  1 .3 5  0 . 2 4
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TABLE XIV
RELATIVE RATES OF ADDITION OF HYDROGEN ATOMS TO 
AROMATIC SUBSTRATES AT 40°  USING 3000A LIGHT
S u b s t r a t e
(QH)
fk  +k ) / k  k SH t a g "  d
ad  ad 
( s e c .  x 10~7 )
<kSH+ k t « ) / k d (
k t a g I 7 
( s e c .  x 10~7 ) k I  I (b )  ad , r e l  ad
Benzene 2 .0 5  ± .06 2 .6 8  ±  .31 1 .31 ± .16
T o lu en e 0 . 7^0 ± .015 1 .6 6  ±  .03 2 .2 5 ± .0 7
E t h y l b e n z e n e 0 .9 5 1  ± .07 2 .2 5  ± .04 2 . 4 1 ± .19
Cumene 0 .2 1  ± .05 1 .Q6 ±  .03 9 - 3 ± 2 .1
B en z y l  a l c o h o l 3 .2 7  ± .15 2 .1 8  ± .5 5 0 . 6 7  ±  .17
p -M e th o x y to lu e n e .65 ± .12 3 .5 8  ± .06 5-5 ± 1 .0
p - X y le n e 1 .0 2  ± .06 2 . 9 4  ± .02 2 .8 8  ± .17
( a )  The e r r o r  r e p o r t e d  i n  t h e s e  s l o p e s  i s  t h e  s t a n d a r d  d e v i a t i o n  i n  
t h e  s l o p e .
( b )  O b t a i n e d  by d i v i d i n g  th e  number i n  t h e  t h i r d  column by t h e  number 
i n  t h e  second  co lum n.  The e r r o r  i s  computed from t h e  e r r o r s  i n  
t h e  two co lu m n s .
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s u b s t r a t e  by  t h e  d i s p r o p o r t i o n a t i o n  o f  two s ig m a-co m p lex es  a l s o  p r e ­
d i c t s  t h e  same ty p e  o f  l i n e a r  r e l a t i o n s h i p  a s  i n  e q u a t i o n  (2 9 )* How­
e v e r ,  t h e r e  i s  e v i d e n c e  i n  t h e  l i t e r a t u r e  t o  s u p p o r t  t h e  p ro p o s e d  
schem e;  i . e . ,  a d d i t i o n  f o l l o w e d  by r e a c t i o n  ( 2 6 ) i n  p r e f e r e n c e  t o  t h e  
o t h e r  r e a c t i o n s .
The a d d i t i o n  s t e p  i s  s u p p o r t e d  by a  r a d i o l y s i s  s t u d y  o f  b e n ze n e -  
m e th an o l  m i x t u r e s  which  i n d i c a t e d  t h a t  h y d ro g e n  a toms add t o  benzene  
t o  fo rm a c y c l o h e x a d i e n y l  r a d i c a l  ( s ig m a - c o m p le x ) ,  r a t h e r  th a n  form 
m o l e c u l a r  h y d ro g e n  by a  d i r e c t  d i s p l a c e m e n t  o f  h y d ro g e n  on t h e  r i n g 4 8 . 
G a r la n d  and Rowland g e n e r a t e d  r e c o i l  t r i t i u m  atoms i n  t h e  p r e s e n c e  o f  
b e n ze n e  i n  b o th  gas  and l i q u i d  p h a s e s 4 9 . Only  HT and b e n z e n e - t  were  
formed i n  t h e  gas p h a s e ,  b u t  t h e s e  p r o d u c t s  a s  w e l l  a s  a  p o ly m e r i c  
m a t e r i a l  and s m a l l  amounts  o f  1 , 3* c y c l o h e x a d i e n e - t  and 1 , 4 - c y c l o h e x a -  
d i e n e - t  w ere  p ro d u ced  i n  s o l u t i o n .  The a u t h o r s  a t t r i b u t e d  a l l  p r o d u c t s  
t o  a  c y c l o h e x a d i e n y l  r a d i c a l  i n t e r m e d i a t e .
A n a l o g i e s  f o r  th e  d i s p r o p o r t i o n a t i o n  r e a c t i o n  a r e  p l e n t i f u l .  I n  
e x p e r i m e n t s  w i t h  r e c o i l  t r i t i u m  in  b enzene  in  which DPPH was added  to  
t h e  s y s t e m ,  t h e  y i e l d  o f  b e n z e n e - t  i n c r e a s e d  s u b s t a n t i a l l y  a t  t h e  e x ­
p e n se  o f  t h e  y i e l d  o f  t h e  c y c l o h e x a d i e n e s  p re su m ab ly  a s  a r e s u l t  o f  a 
d i s p r o p o r t i o n a t i o n  b e tw een  th e  s t a b l e  r a d i c a l  and s igm a-com plex  to  r e ­
g e n e r a t e  t h e  a r o m a t i c 5 0 . James and S u a r t 51 showed t h a t  t h e  c y c l o h e x a ­
d i e n y l  r a d i c a l  would d i s p r o p o r t i o n a t e  w i t h  t h e  i s o p r o p y l  r a d i c a l  b u t  
would n o t  a b s t r a c t  a  h y d r o g e n  from p ro p a n e  t o  fo rm c y c l o h e x a d i e n e .
O t h e r  r a d i c a l s  add t o  a r o m a t i c  r i n g s  t o  fo rm  a  s t a b l e  s i g m a - c o m p le x . 
A r y l a t i o n  by a r y l  r a d i c a l s ,  p a r t i c u l a r l y  p h e n y l  r a d i c a l s ,  h a s  r e c e i v e d  
t h e  most a t t e n t i o n 4 7 . W i l l i a m s  h a s  found t h a t  p h e n y l  r a d i c a l s  g e n e r a t e d  
by t h e  d e c o m p o s i t i o n  o f  b e n z o y l  p e r o x i d e  fo rm a s igm a-com plex  w i t h
v a r i o u s  a r o m a t i c  s o l v e n t s 5 2 . I n  m os t  s o l v e n t s ,  t h e  s ig m a-com plex  
e i t h e r  d i s p r o p o r t i o n a t e s  w i t h  a n o t h e r  s igm a-com plex  o r  a t t a c k s  t h e  
i n i t i a t o r  i n  a n  in d u c ed  d e c o m p o s i t i o n  t o  p ro d u c e  b i a r y l ,  b e n z o i c  a c i d ,  
and  a  b e n z o y lo x y  r a d i c a l  (PhCOO*). However,  when t h e  s o l v e n t  i s  bromo- 
b e n z e n e , t h e  d e s t i n y  o f  t h e  s ig m a-com plex  i s  a f f e c t e d .  I n  t h e  o t h e r  
s o l v e n t s ,  d i s p r o p o r t i o n a t i o n  w i t h  t h e  b e n zo y lo x y  r a d i c a l  i s  a n  unim­
p o r t a n t  r e a c t i o n  o f  t h e  s ig m a -co m p lex  due t o  t h e  s h o r t  l i f e t i m e  o f  t h e  
b e n z o y lo x y  r a d i c a l .  But t h i s  r a d i c a l  com plexes  w i t h  bromobenzene t o  
i n c r e a s e  i t s  s t a b i l i t y ,  and c o n s e q u e n t l y  i t  i s  p r e s e n t  i n  s u f f i c i e n t l y  
h i g h  c o n c e n t r a t i o n s  t o  make i t s  d i s p r o p o r t i o n a t i o n  w i t h  t h e  s igm a-  
complex t h e  a l m o s t  e x c l u s i v e  f a t e  o f  t h e  l a t t e r 5 2 0 . By a n a l o g y ,  th e  
h i g h  s t a n d i n g  c o n c e n t r a t i o n  o f  t h i y l  r a d i c a l s  i n  t h e  p r e s e n t  s y s te m  
s h o u ld  f a v o r  t h e  p ro p o s e d  d i s p r o p o r t i o n a t i o n  r e a c t i o n .
The e v i d e n c e  j u s t  p r e s e n t e d  w e ighs  h e a v i l y  i n  f a v o r  o f  th e  s u g ­
g e s t e d  mechanism. However,  t h e  most c o n v i n c i n g  p r o o f  t h a t  t h e  method 
d o e s  in d eed  y i e l d  r e l a t i v e  r a t e s  o f  a d d i t i o n  i s  a c o m p a r i so n  w i t h  d a t a  
o b t a i n e d  by p u l s e  r a d i o l y s i s  t e c h n i q u e s 53 ( T a b l e  XV). A b s o l u t e  r a t e  
c o n s t a n t s  f o r  b enzene  and t o l u e n e  w ere  m easured  by f o l l o w i n g  t h e  fo rma­
t i o n  o f  c y c l o h e x a d i e n y l  and  m e t h y l - c y c l o h e x a d i e n y l  r a d i c a l s  s p e c t r o ­
s c o p i c a l l y .  The r a t i o  o f  t h e s e  a b s o l u t e  r a t e  c o n s t a n t s  i s  w i t h i n  e x ­
p e r i m e n t a l  e r r o r  o f  t h e  r a t i o  o f  r e l a t i v e  r a t e s  o b t a i n e d  by t h e  p r e s e n t  
p r o c e d u r e .
The g r e a t  a t t r a c t i o n  f o r  t h e  e l e c t r o n - r i c h  a r o m a t i c  n u c l e u s  
d e m o n s t r a t e s  t h e  e l e c t r o p h i l i c i t y  o f  h y d ro g e n  a tom .  A c o m p a r i so n  o f  
the  a b s o l u t e  r a t e  c o n s t a n t s  f o r  a d d i t i o n  t o  t o l u e n e  ( T a b l e  XV) and 
a b s t r a c t i o n  o f  one o f  i t s  b e n z y l i c  h y d r o g e n s  ( T a b le  IV) shows t h e  
fo r m e r  t o  be a b o u t  103 g r e a t e r  t h a n  t h e  l a t t e r .  The a c t i v a t i o n  e n e r g y  
f o r  a d d i t i o n  i s  r e p o r t e d  t o  be o n l y  a b o u t  3 k c a l . /m o le 5 3 .
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TABLE XV 
A COMPARISON OF ADDITION RATES 
WITH THOSE FROM AQUEOUS RADIOLYSIS
S u b s t r a t e
R e l . R a te  
T h i s  Work
( a )A b s o l u t e  R a te  
Aq. S o l u t i o n  
( l . / m o l e  s e c . x l O ' 9 )
A b s o l u t e  R a t e  
Gas Phase  
( l . / m o l e  s e c . x l O - 8 )
Benzene 1 .3 1  ± .16 1 .1  ±  .12 0 . 3 7  ± .07
T o lu en e 2 . 2 5  ± .0 7 2 . 6  ± .5 1 . 0  ±  .2
R a t i o  o f A d d i t i o n :  B e n z e n e /T o l uene
T h i s  Work Aq. S o l u t i o n Gas P h a s e ^ a ^
.58  ±  .07 .1+2 ± .12 .3 7  ± .1 0
( a )  From r e f .  53-
6o
O th e r  work  done i n  t h e  a r e a  o f  a d d i t i o n  o f  h y d ro g e n  atoms t o  a r o ­
m a t i c  s u b s t r a t e s  c o n f i r m s  th e  o r d e r  o f  m a g n i tu d e  o f  t h e  r a t e  c o n s t a n t s  
i n  T a b le  XV. Yang54 found a  v a l u e  o f  0 . 1  x 10s  l . / m o l e  s e c .  f o r  t h e  
a d d i t i o n  t o  b e n ze n e  i n  t h e  gas p h a s e .  T h i s  compares  f a v o r a b l y  w i t h  t h e  
r a t e  c o n s t a n t  r e p o r t e d  by S au e r  and Ward5 3 . Two g ro u p s  s t u d i e d  t h e  
a d d i t i o n  t o  p h e n o l  i n  aqueous  s o l u t i o n  and found r a t e  c o n s t a n t s  o f
1 . 8  x 109 l . / m o l e  s e c . 55 and k. 2  x  109 l . / m o l e  s e c . 3 9 .
In  o r d e r  f o r  t h e  d a t a  on r e l a t i v e  r a t e s  o f  a d d i t i o n  to  be m ean in g ­
f u l ,  t h e  p r o d u c t  o f  t h e  two i s o t o p e  e f f e c t s ,  must  be r e l a t i v e l y
c o n s t a n t  f o r  a l l  s u b s t r a t e s .  The i s o t o p e  e f f e c t  on a d d i t i o n ,  1 ^  =
, i s  r e p o r t e d  to  be g r e a t e r  t h a n  u n i t y  f o r  b e n z e n e ,  a l t h o u g h  
i t s  m a g n i tu d e  was n o t  d e t e r m i n e d 5 6 . No e s t i m a t e  o f  t h e  d i r e c t i o n  o r  
m a g n i tu d e  o f  t h e  i s o t o p e  e f f e c t  on t h e  d i s p r o p o r t i o n a t i o n  h a s  b e en  r e ­
p o r t e d .  The b e h a v i o r  o f  t h e  p r o d u c t  I  . 1 . .  , t h e n ,  i s  n o t  known andad d i s
c a n n o t  be  p r e d i c t e d .  The a g re e m e n t  c i t e d  i n  T a b le  XV on t h e  r e l a t i v e  
r a t e s  o f  a d d i t i o n  t o  b enzene  and t o l u e n e  m ig h t  be an  i n d i c a t i o n  t h a t  
t h i s  p r o d u c t  i s  r e l a t i v e l y  c o n s t a n t  from one s u b s t r a t e  t o  t h e  n e x t .
The d a t a  i n  T a b l e  XIV a r e  e x p r e s s e d  r e l a t i v e  t o  b enzene  i n  T a b le  XVI 
i n  o r d e r  t o  b e t t e r  o b s e r v e  t h e  t r e n d s .  The d i s t r i b u t i o n  o f  t r i t i u m  a t  
t h e  d i f f e r e n t  p o s i t i o n s  i n  t h e  r i n g  was n o t  d e t e r m i n e d .  C o n s e q u e n t l y ,  
t h e  d a t a  a r e  n o t  a s  m e a n i n g f u l  a s  t h e y  m ig h t  have  b e e n ,  b u t  some co n ­
c l u s i o n s  can  n e v e r t h e l e s s  be d raw n .
Hydrogen a tom i s  a g a i n  o b s e r v e d  t o  be  a n  e l e c t r o p h i l i c  s p e c i e s .  
T o lu e n e  i s  more r e a c t i v e  t h a n  b e n z e n e ,  o s t e n s i b l y  b e c a u s e  o f  t h e  e l e c ­
t r o n  r e l e a s i n g  e f f e c t  o f  t h e  m e th y l  g ro u p .  The e t h y l  and i s o p r o p y l  
g ro u p s  s h o u ld  have  i n c r e a s i n g l y  l a r g e  i n d u c t i v e  e f f e c t s  l e a d i n g  t o  
f a s t e r  r a t e s ,  and t h i s  i s  t h e  p a t t e r n ,  a l t h o u g h  cumene seems e r r o n e o u s l y
TABLE XVI
RATES OF ADDITION OF HYDROGEN ATOM TO 
AROMATIC SUBSTRATES RELATIVE TO BENZENE
S u b s t r a t e R e l a t i v e  R a t e
Benzene i . o ( a )
To lu en e 1 . 7
E t h y l b e n z e n e 1 . 8
Cumene 7 -1
B en zy l  a l c o h o l 0 .5
p -X y len e 2 . 2
p -M e th o x y to lu e n e 4 . 2
( a )  F ix e d  a t  u n i t y .
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h i g h .  T h i s  c h a n g e  f rom  m e t h y l  t o  i s o p r o p y l  i n  a l k y l b e n z e n e s  b r i n g s  
a b o u t  a n  i n c r e a s e  i n  t h e  r a t e  o f  i o n i c  n i t r a t i o n  i n  t h e  p a r a - p o s i t i o n , 
b u t  a  d e c r e a s e  i n  t h e  r a t e  a t  t h e  o r t h o - p o s i t i o n s 57’. The l a t t e r  s t e r i c  
e f f e c t  m ig h t  n o t  be e x p e c t e d  t o  o p e r a t e  i n  t h e  a t t a c k  by t h e  s m a l l  
h y d r o g e n  a to m .  T h i s  c o u l d  p o s s i b l y  e x p l a i n  t h e  l a r g e  i n c r e a s e  i n  t h e  
r a t e  o f  a d d i t i o n  t o  cumene ,  s i n c e  i n d u c t i v e  e l e c t r o n  r e l e a s e  s h o u l d  be 
g r e a t e s t  i n  cumene and h a v e  a  more p ro n o u n c e d  e f f e c t  a t  t h e  o r t h o ­
p o s i t i o n s .  I f  t h e r e  i s  no s t e r i c  h i n d r a n c e  t o  a t t a c k  t h e r e ,  t h e  f u l l  
im p a c t  o f  t h i s  h i g h e r  e l e c t r o n  d e n s i t y  a t  t h e  o r t h o - p o s i t i o n s  m i g h t  be 
f e l t .
A l t h o u g h  t h e  p a r a - p o s i t i o n s  a r e  b l o c k e d ,  p - x y l e n e  and  p -m e th o x y -  
t o l u e n e  e x h i b i t  e n h an c e d  r a t e s ,  a s  e x p e c t e d  f rom  a t t a c k  by a n  e l e c t r o -  
p h i l i c  a g e n t 5 8 . The -CHgOH g ro u p  i n  b e n z y l  a l c o h o l  would  be e x p e c t e d
t o  s lo w  t h e  r a t e  o f  a d d i t i o n  r e l a t i v e  t o  t o l u e n e ,  b u t  n o t  r e l a t i v e  t o
b e n z e n e 5 9 , a s  i s  o b s e r v e d .
STUDIES AT OTHER WAVELENGTHS
I n i t i a l  e x p e r i m e n t s  were  done w i t h  t h i o p h e n o l - t  and t o l u e n e  a s  
QH a t  2537A arLt* 7 0 ° .  The mechanism d e s c r i b e d  e a r l i e r  s t i l l  h o l d s  w i t h  
two e x c e p t i o n s :  r e a c t i o n  ( 3 ) s h o u l d  be r e p l a c e d  by  r e a c t i o n  (3*-):
H* +  PhSH “* (HPhSH) • ( 3 1 )
w h e re  (HPhSH)* i s  t h e  s ig m a -co m p lex  b e tw ee n  H* and t h e  a r o m a t i c  t h i o l .  
Of c o u r s e ,  r e a c t i o n  ( 7 ) i s  e l i m i n a t e d  and  r e p l a c e d  by  r e a c t i o n  ( 3 2 ) :  
(HPhSH). +  PhS * -  PhSH +  PhSH ( 3 2 )
T h i s  d i s p r o p o r t i o n a t i o n  r e a c t i o n  h a s  b e e n  d i s c u s s e d  p r e v i o u s l y .  A 
k i n e t i c  r e l a t i o n s h i p  e x a c t l y  a n a l a g o u s  t o  t h e  o t h e r s  ( e q u a t i o n s  1 3 ,
2 9 , and  3 0 ) c a n  be  d e r i v e d ,  and t h e  d a t a  o b t a i n e d  f o r  t o t a l ,  r i n g ,  and 
s i d e  c h a i n  a c t i v i t i e s  a l l  f i t  t h e  e q u a t i o n  q u i t e  w e l l  (S ee  F i g u r e  1 i n
t h e  A p p e n d i x ) .  A c t i v i t y  i n  t h e  r i n g  o f  t h e  t h i o l  was n o t  m e asu re d .
The r a t i o  o f  t h e  s l o p e s  o f  t h e  r i n g  and s i d e  c h a i n  a c t i v i t y  p l o t s
9
a t  t h i s  w a v e l e n g t h  may be compared t o  t h e  same r a t i o  o b t a i n e d  a t  JQOQh 
( T a b l e  X V II ) .  At 2 5 3 7 ^ .  t h e  h y d ro g e n  a tom h a s  a b o u t  20  k c a l .  o f  k i n e t i c  
e n e r g y  a s  a  r e s u l t  o f  t h e  S-H bond s c i s s i o n ,  compared t o  o n ly  a b o u t
9
7 k c a l .  a t  3000A. T h i s  may be t h e  r e a s o n  f o r  t h e  i n c r e a s e  i n  t h e  h i g h e r  
a c t i v a t i o n  e n e r g y  p r o c e s s  ( a b s t r a c t i o n )  r e l a t i v e  t o  a d d i t i o n  a t  2537^-. 
o r  p e r h a p s  i t  i s  m e r e ly  a  r e s u l t  o f  t h e  t e m p e r a t u r e  i n c r e a s e .
9
The same two compounds were  examined a t  3500A w i t h  l e s s  s u c c e s s .  
R in g  a c t i v i t y  i n  b o t h  compounds was m easu red  and  found t o  f i t  t h e  
k i n e t i c s  ( F i g u r e  2 i n  t h e  A p p e n d i x ) ,  b u t  a n  i s o t o p i c  i m p u r i t y  o f  h ig h  
s p e c i f i c  a c t i v i t y  p r e v e n t e d  a  d e t e r m i n a t i o n  o f  t h e  t o t a l ,  and t h u s  
s i d e  c h a i n ,  a c t i v i t y  o f  t h e  t o l u e n e .  T h i s  i m p u r i t y  was d e t e c t e d  when 
i t  was o b s e r v e d  t h a t  w a sh in g  t h e  t o l u e n e  w i t h  a q u eo u s  s o l u t i o n s  o f  any  
s o r t  c a u s e d  a  s i g n i f i c a n t  d e c r e a s e  i n  a c t i v i t y . *  Gas c h r o m a to g r a p h ic  
a n a l y s i s  o f  one o f  t h e  sam ples  showed a  peak  a t t r i b u t a b l e  t o  b e n z e n e .
The a r e a  o f  t h i s  peak  d e c r e a s e d  w i t h  e a c h  w a s h i n g ,  no d o u b t  due t o  th e  
s l i g h t  s o l u b i l i t y  o f  ben zen e  i n  w a t e r ,  and t h i s  was c o r r e l a t e d  w i t h  t h e  
d e c r e a s e  i n  s p e c i f i c  a c t i v i t y .  The r e s u l t s  o f  t h i s  t e s t  a r e  g i v e n  i n  
T a b l e  X V II I .
The r e s u l t s  s t r o n g l y  i m p l i c a t e  ben zen e  a s  t h e  r a d i o a c t i v e  i m p u r i t y  
c o n t a m i n a t i n g  t h e s e  s a m p l e s .  Here a r e  t h r e e  ways i n  which i t  m ig h t  
a r i s e :
* T h i s  w a sh in g  p r o c e d u r e  was done a s  a  m a t t e r  o f  c o u r s e  t o  remove t r a c e s  
o f  t h i o p h e n o l - t  from t h e  s u b s t r a t e .  However,  c o n t r o l s  had  d e m o n s t r a t e d  
t h a t  t h r e e  o r  f o u r  w a s h in g s  w i t h  d i l u t e  b a se  w ere  s u f f i c i e n t  to  remove 
a l l  t h i o l  p r e s e n t .  The s p e c i f i c  a c t i v i t y  c o n t i n u e d  t o  d e c r e a s e  even  
a f t e r  t h e  u s u a l  number o f  w a s h i n g s .  See t h e  E x p e r i m e n t a l  s e c t i o n .
TABLE XVII.
RATIOS OF THE SLOPES OF RING AND 
SIDE CHAIN ACTIVITY PLOTS FOR TOLUENE AT 3000A AND 2537A
k a d ’ a d ^ i s
W a v e l e n g t h V a
5000  ( 4 0 ° ) 5 * 5 5 ( b >
25 37 ( 7 0 ° ) 2 . 1 5
( a )  S lo p e  o f  s i d e  c h a i n  p l o t  d i v i d e d  by s l o p e  o f  r i n g
p l o t ;  compare  e q u a t i o n s  ( 1 3 ) and ( 2 9 )*
( b )  I t  h a s  p r e v i o u s l y  b e en  p o i n t e d  o u t  (p a g e  5 8 ) t h a t
t h e  r a t i o  Rad/^H f ° r  t o l u e n e  i s  a b o u t  103 . Note 
t h a t  when t h i s  r a t i o  i s  m u l t i p l i e d  by  th e  i s o t o p e  
e f f e c t s  I a d * d i s / I Q> *8 r e d u c e d  t o  5-55* I t  i s  
f o r t u n a t e  t h a t  th e  i s o t o p e  e f f e c t s  behave  i n  t h i s  
manner  s i n c e  t h e  f r a c t i o n  o f  t r i t i u m  i n  t h e  s i d e  
c h a i n  i s  1 /5 * 5 5  r a t h e r  t h a n  t h e  s m a l l  amount ( 1 / 1 0 3 ) 
t h a t  w ould  be  t h e r e  i f  no i s o t o p e  e f f e c t s  were  
o p e r a t i n g .
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TABLE XVIII
CORRELATION BETWEEN THE DECREASE IN BENZENE CONCENTRATION AND 
SPECIFIC ACTIVITY OF A SAMPLE OF TOLUENE/THIOPHENOL 
IRRADIATED AT 3500A AND 40°
QH D e c r e a s e  D e c r e a s e
No. o f  (B e n ze n e )  (DPM/mole i n  (B e n ze n e )  I n  Aqjj
Washings  ( m o l e s / 1 . )  x lO " s ) ( p e r c e n t )  ( p e r c e n t )
2 .0 1 4  1 .2 2 7
3 - O i l  .9 6 6  21 21
5 .O il  .95^ 21 22
6 .0 1 0  .725  28  4 l
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PhSH hv ■> Ph* +  *SH (33)
( 3 ^ )Ph * + PhST •> PhT + PhS •
T* +  PhCH3 > (35)
1 + PhS *
CH3
 > PhT + PhSCH3 (36)
T* + PhSH > H (37)
1 + PhS •
SH
■> PhT + FhSSH (38)
The f i r s t  s eq u e n c e  o f  two r e a c t i o n s  seems u n l i k e l y  s i n c e  v e r y  l i t t l e  
C-S bond s c i s s i o n  i s  r e p o r t e d  t o  o c c u r  f o r  t h i o p h e n o l  upon u l t r a v i o l e t
a p p e a r s  s a f e  t o  e l i m i n a t e  t h i s  a s  a  s o u r c e  o f  t h e  " h o t "  b e n z e n e .
The n e x t  two s e r i e s  o f  r e a c t i o n s  i n v o l v e  a d d i t i o n  o f  h y d ro g e n  a tom 
a t  t h e  1 - p o s i t i o n  f o l l o w e d  by a  d i s p r o p o r t i o n a t i o n  r e a c t i o n  i n  which t h e  
f u n c t i o n a l  g roup  i s  e l i m i n a t e d . - *  The t h i y l  r a d i c a l  may o r  may n o t  p l a y  
a  r o l e  i n  t h i s  r e a c t i o n  a s  i n d i c a t e d ;  b u t  t h e  g roup  a t  t h e  1 - p o s i t i o n  
i s  e l i m i n a t e d ,  p e r h a p s  a s  a  f r e e  r a d i c a l  o r  p e r h a p s  w i t h  t h e  f o r m a t i o n  
o f  a  n o n - r a d i c a l  p r o d u c t  a s  shown. S i n c e  t h e  *SH r a d i c a l  s h o u ld  be a 
b e t t e r  l e a v i n g  g roup  b e c a u s e  o f  i t s  g r e a c e r  s t a b i l i t y ,  r e a c t i o n s  (3 7 )  
and  ( 3 8 ) a r e  t h e  more l i k e l y  s e q u e n c e .  I n  s u p p o r t  o f  t h i s  t h e o r y ,  e x ­
p e r i m e n t s  w i t h  p ro p a n e  t h i o l  and t o l u e n e  a t  3500 -^ showed none o f  t h i s  
" h o t "  i m p u r i t y .
* F o r  examples  o f  r e a c t i o n s  o f  t h i s  t y p e ,  s e e  r e f .  6 0 .
i r r a d i a t i o n ^ . S i n c e  t h i s  p ro b lem  d id  n o t  o c c u r  a t  2537^  where  th e  
h i g h e r  e n e r g y  l i g h t  would be more l i k e l y  t o  p ro d u c e  r e a c t i o n  (3 3 )»  i t
Those  s t u d i e s  w i t h  p r o p a n e t h i o l  and t o l u e n e  a t  3500.X were  t h e
f i r s t  and o n l y  t o  e x h i b i t  c u r v a t u r e  when p l o t t e d  i n  t h e  u s u a l  m anner .
(S ee  F i g u r e  3 i-n t h e  A p p e n d i x . )  A n a l y s i s  f o r  t o t a l ,  r i n g ,  and s i d e
c h a i n  a c t i v i t i e s  was p o s s i b l e ,  and t h e s e  r e s u l t s  were  a l s o  u n u s u a l .  A t
3000A and 2537A, o n l y  15 and 30 p e r c e n t ,  r e s p e c t i v e l y ,  o f  t h e  t o t a l
a c t i v i t y  a p p e a r e d  i n  t h e  s i d e  c h a i n ,  b u t  a t  35Ook, t h i s  r o s e  t o  g r e a t e r
t h a n  95 p e r c e n t .  I n t e r f e r e n c e  by th e  t h i y l  r a d i c a l  seems to  be t h e
l o g i c a l  e x p l a n a t i o n  f o r  b o t h  o f  t h e s e  o b s e r v a t i o n s .
D i m e r i z a t i o n  was assumed t o  be t h e  e x c l u s i v e  f a t e  o f  th e  t h i y l
r a d i c a l s  a t  t h e  o t h e r  two w a v e l e n g t h s .  T h i y l  r a d i c a l s  a r e  known to
a b s t r a c t  h y d r o g e n s ,  how ever6 1 . I t  i s  c e r t a i n l y  c o n c e i v a b l e  t h a t  a t
t h i s  h i g h  w a v e le n g th  w here  t h e  r a t e  o f  p h o t o l y s i s  o f  t h e  t h i o l  i s  v e r y
s lo w * ,  t h e  c o n c e n t r a t i o n  o f  t h i y l  r a d i c a l s  i s  low enough so t h a t  th e
r a t e  o f  t h e i r  d i m e r i z a t i o n  i s  n o t  s u f f i c i e n t l y  h i g h  t o  e l i m i n a t e
h y d ro g e n  a b s t r a c t i o n .  Compare t h e  two r e a c t i o n s  be low:
PrS * + QH -  PrSH + Q- (3 ? )
2 P r S • -  PrSSPr  (4 0 )
A r a t i o  o f  r a t e s  y i e l d s :
R39 ,  R38 (QH)
R40 r40 TPrsTy
A l th o u g h  t h e  r a t i o  k ^ o / k a s  i s  v e r y  l a r g e ,  a  v e r y  low c o n c e n t r a t i o n  o f  
t h i y l  r a d i c a l s  m ig h t  i n c r e a s e  t h e  r a t i o  d e f i n e d  by e q u a t i o n  (U l )  t o  a  
l e v e l  w here  r e a c t i o n  (3 9 )  becomes s i g n i f i c a n t . t
* T h i s  was c o n f i rm e d  by t h e  v e r y  low s p e c i f i c  a c t i v i t y  o f  t h e  p r o d u c t s .
O
t C u r v a t u r e  was n o t  o b s e r v e d  w i t h  t h i o p h e n o l  a t  3500A, b u t  t h e  r a t e  o f  
p h o t o l y s i s ,  and th u s  th e  t h i y l  r a d i c a l  c o n c e n t r a t i o n ,  s h o u ld  be h i g h e r  
due  t o  t h e  low er  s t r e n g t h  o f  t h e  a r o m a t i c  S-H bond4*5. T r i t i u m  l e v e l s  
i n  t h e  p r o d u c t s  c o n f i r m e d  a  h i g h e r  r a t e  o f  p h o t o l y s i s  o f  t h i o p h e n o l .
68
The low t r i t i u m  a c t i v i t y  i n  t h e  t o l u e n e  r i n g  c o u ld  a l s o  be a  
r e s u l t  o f  low t h i y l  r a d i c a l  c o n c e n t r a t i o n s .  A m a j o r i t y  o f  t h e  s igm a-  
com plexes  m ig h t  r e a c t  w i t h  t h e m s e lv e s  by d i s p r o p o r t i o n a t i o n  o r  d i m e r i -  
z a t i o n  ( r e a c t i o n s  27  and 2 8 ) r a t h e r  t h a n  w i t h  t h i y l  r a d i c a l  t o  r e ­
g e n e r a t e  t h e  a r o m a t i c  ( r e a c t i o n  2 6 ) .
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CHAPTER I I I  
EXPERIMENTAL
ANALYTICAL
T r i t i u m  a c t i v i t y  o f  t h e  s a m p l e s  was  d e t e r m i n e d  w i t h  a  P a c k a r d  T r i -  
C a r b  L i q u i d  S c i n t i l l a t i o n  S p e c t r o m e t e r ,  m ode l  3365-  C o u n t i n g  e f f i ­
c i e n c y  was m e a s u r e d  w i t h  t h e  a u t o m a t i c  e x t e r n a l  s t a n d a r d  (AES) and  a  
s e t  o f  p r e p a r e d  q u e n c h e d  s t a n d a r d s  f rom  P a c k a r d .  The d a t a  r e c o r d e d  f o r  
e a c h  q u e n c h e d  s t a n d a r d  c o n s i s t e d  o f  i t s  o b s e r v e d  e f f i c i e n c y  and  t h e  
c o u n t s  p e r  m i n u t e  (DPM) o b t a i n e d  f ro m  t h e  AES. A q u e n c h i n g  c u r v e  was 
c a l c u l a t e d  f o r  e a c h  s e r i e s  o f  s a m p l e s  f ro m  a  l e a s t  s q u a r e s  a n a l y s i s  o f  
t h i s  e f f i c i e n c y  d a t a .  The  e f f i c i e n c y  o f  a n y  s a m p le  c o u l d  t h e n  be  o b ­
t a i n e d  by  s u b s t i t u t i n g  t h e  AES v a l u e  o f  t h e  s am p le  i n t o  t h e  l i n e a r  
q u e n c h i n g  e q u a t i o n .
Some t y p i c a l  d a t a  a r e  g i v e n  i n  T a b l e  I  t o  s e r v e  a s  a n  i l l u s t r a t i v e  
e x am p le  o f  t h e  p r o c e d u r e .  The nu m b ers  g i v e n  i n  T a b l e  I  w e re  o b t a i n e d  
a f t e r  t h e  q u e n c h e d  s t a n d a r d s  h a d  ag ed  by 1 . 2  y e a r s .  T h e r e f o r e ,  t h e  o b ­
s e r v e d  e f f i c i e n c i e s  w e r e  l o w ,  and  h a d  t o  be c o r r e c t e d  f o r  l o s s  o f  a c t i ­
v i t y  i n  t h e  s t a n d a r d s . *  The s a m p le  g i v e n  i n  t h e  e x am p le  showed a n  
e f f i c i e n c y  o f  37*82  p e r c e n t ,  and s o  i t s  a c t i v i t y  i n  d i s i n t e g r a t i o n s  p e r  
m i n u t e  (CFM) was co m p u ted  by  d i v i d i n g  i t s  o b s e r v e d  CPM by . 3 7 8 2 .
Each  s am p le  was  p r e p a r e d  f o r  c o u n t i n g  by w e i g h i n g  i t  i n t o  a  t a r e d  
l i q u i d  s c i n t i l l a t i o n  v i a l  and  a d d i n g  15 m l .  o f  d i l u t e d  l i q u i d  s c i n t i l ­
l a t i o n  c o u n t i n g  (LSC) s o l u t i o n .  The LSC s o l u t i o n  was p r e p a r e d  by
♦ S i n c e  t h e  h a l f - l i f e  o f  t r i t i u m  i s  1 2 . 2 6  y e a r s ,  one  c a n  e a s i l y  c a l c u ­
l a t e  t h a t  o n l y  9 3 * ^  o f  t h e  o r i g i n a l  t r i t i u m  r e m a i n s .  T h e r e f o r e ,  t h e  
o b s e r v e d  e f f i c i e n c i e s  m u s t  be  d i v i d e d  by -9 3 ^  t o  o b t a i n  t h e  c o r r e c t e d  
e f f i c i e n c i e s .
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TABLE I
DATA FOR AN EFFICIENCY PLOT OF MARCH 1 5 ,  1967
O bse rved  
E f f i c i e n c y  
( p e r c e n t )
C o r r e c t e d  
E f f i c i e n c y  
( p e r c e n t )
AES^a ^
(CPM)
5-4029 5-7 8 4 6 •5455
9 .4 5 4 4 1 0 .1 2 2 4 •5579
1 4 .9770 1 6 .0 3 5 5 .8046
2 1 .6 6 9 5 2 3 .2 0 0 7 1 .0970
2 8 .8 5 7 0 3 0 .8 9 6 1 1 .3761
3 8 .1 6 6 8 4 0 .8 6 3 8 1 .8479
3 9 .6 7 8 0 4 2 .4 8 1 7 1 .9 6 4 6
( a )  The d e c i m a l  p o i n t  i s  a r b i t r a r i l y  p l a c e d  h e r e  f o r  c o n v e n i e n c e .
R e s u l t a n t  L e a s t  S q u a r e s  E q u a t i o n :
C o r r e c t e d  E f f i c i e n c y  ( # )  *
E x a m p le :
Sample A c t i v i t y  ■ 
Sample  AES a 
Sample  C o r r e c t e d  E f f i c i e n c y  *
DPM >
( 2 3 . 1 7 )  AES - 2 .1 9 9 0
2 1 ,5 4 6  CPM
1 .7 2 7
57.82#
2 1 , 4 5 6 / . 3 7 8 2  = 56 ,751
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a d d i n g  20  m l .  o f  P a c k a r d  23X C o n c e n t r a t e d  L i q u i d  S c i n t i l l a t o r  t o  one 
p i n t  o f  r e a g e n t  g r a d e  t o l u e n e .
The s am p le s  w ere  a lw ay s  a l l o w e d  t o  c o o l  t o  t h e  t e m p e r a t u r e  o f  t h e  
T r i - C a r b  b e f o r e  c o u n t i n g .  C o r r e c t i o n s  f o r  b a ck g r o u n d  w ere  made (where  
n e c e s s a r y )  by s u b t r a c t i n g  t h e  CPM o f  a  b l a n k  from th e  o b s e r v e d  CPM of  
t h e  s am p le .  Each sample  was c o u n te d  f o r  a  p e r i o d  o f  t im e  s u f f i c i e n t  
t o  r e d u c e  th e  random e r r o r  t o  2 p e r c e n t  o r  l e s s  ( i . e . ,  a t  l e a s t  10 ,000  
c o u n t s ) ,  and  each  sample  was c o u n te d  a t  l e a s t  t h r e e  t im e s  t o  f u r t h e r  
r e d u c e  t h e  e r r o r .
N u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r a  w ere  r e c o r d e d  on t h e  V a r i a n  
A-60A NMR S p e c t r o m e t e r .  U n c o r r e c t e d  m e l t i n g  p o i n t s  were  d e t e r m i n e d  
u s i n g  t h e  Thomas-Hoover C a p i l l a r y  m e l t i n g  p o i n t  a p p a r a t u s .  E l e m e n t a l  
a n a l y s e s  ( c a r b o n ,  h y d r o g e n )  were  done i n  t h i s  D e p a r tm e n t  by Mr. R.
Seab w i t h  t h e  Coleman C arbon-H ydrogen  A n a l y z e r ,  model 33*
KINETIC RUNS
« •
A l l  e x p e r i m e n t s  a t  2537^- and 3000^  w e re  done  i n  am pules  made o f  
g ra d e d  s e a l s  (1 0  mm. 0D, 8 mm. ID) o b t a i n e d  f rom  t h e  G e n e r a l  E l e c t r i c  
W i l lo u g h b y  Q u a r t z  p l a n t ,  W i l l o u g h b y ,  O h io .  The am pu les  were  p r e p a r e d  
by  t e s t - t u b i n g  th e  q u a r t z  end ( a b o u t  7  ctn* l n l e n g t h )  and e x t e n d i n g  th e  
P y r e x  end t o  a  t o t a l  l e n g t h  o f  a b o u t  35 cm. The f i r s t  s e a l  was made a 
few c e n t i m e t e r s  f rom  t h e  t o p ,  l e a v i n g  enough P y r e x  so t h a t  t h e  ampule 
c o u l d  be  r e - u s e d  a f t e r  o p e n in g  and c l e a n i n g .  I n  t h i s  way,  e ach  ampule  
c o u l d  be used  t w i c e  b e f o r e  t h e  P y r e x  e x t e n s i o n  had  t o  be  r e p l a c e d .
Each sam ple  was p r e p a r e d  by w e i g h i n g  f i r s t  t h e  s u b s t r a t e  and t h e n  
t h e  f r e s h l y  d i s t i l l e d  t h i o l  i n t o  a  3 m l • v o l u m e t r i c  f l a s k .  The s o l u ­
t i o n  was t r a n s f e r r e d  t o  a  c l e a n  ampule  w i t h  a  s y r i n g e  and  lo n g  ( ca  JO c m . ) 
n e e d l e .  The ampules  were  d e g a s s e d  and r e p r e s s u r i z e d  w i t h  n i t r o g e n  t h r e e
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t i m e s  by t h e  f r e e z e - p u m p - t h a w  t e c h n i q u e  and  t h e n  s e a l e d  u n d e r  vacuum. 
The s e a l e d  s am p le s  w e re  w rapped  i n  a luminum f o i l  and k e p t  i n  t h e  d a r k  
and  c o ld  u n t i l  t h e y  c o u l d  be p l a c e d  i n  t h e  r e a c t o r .
The R ayone t  S r i n i v a s i n - G r i f f i n  P h o t o c h e m i c a l  R e a c t o r  was u sed  f o r  
t h e  e x p e r i m e n t s .  S i x t e e n  m e rc u ry  v a p o r  lamps (some c o a t e d  w i t h  a 
f l u o r e s c i n g  m a t e r i a l )  s e r v e d  a s  t h e  s o u r c e  o f  e n e r g y .  A t h e r m o s t a t e d  
r e g i o n  was c o n s t r u c t e d  by p l a c i n g  a  c o n d e n s e r  made o f  Vycor 7913 
(2 1  mm. OD, 19 mm. ID) v e r t i c a l l y  i n  t h e  c e n t e r  o f  t h e  r e a c t o r  and c i r ­
c u l a t i n g  th r o u g h  i t  w a t e r  from a c o n s t a n t  t e m p e r a t u r e  b a t h .  The am­
p u l e s  w ere  p l a c e d  i n s i d e  t h e  c o n d e n s e r  and  i r r a d i a t e d  f o r  t h e  s p e c i f i e d  
t im e  w i t h  t h e  3500 o r  3000A lam p s .  T e m p e r a tu r e  c o n t r o l  a t  2537^  was 
l e s s  p r e c i s e  s i n c e  Vycor  7913 d o e s  n o t  t r a n s m i t  l i g h t  o f  t h i s  wave­
l e n g t h  v e r y  w e l l 1. T h e r e f o r e ,  f o r  t h e  2 5 3 7 ^  r u n s ,  no c o n d e n s e r  was 
u s e d .  The t e m p e r a t u r e  i n  t h e  r e a c t o r  f o r  t h e s e  r u n s  ( w i t h  t h e  c o o l i n g  
f a n )  was 70°  ± 2° .
F r e s h l y  d i s t i l l e d  t h i o l  was u sed  i n  t h e  p r e p a r a t i o n  o f  e a c h  s e t  
o f  a m p u le s ,  and i t s  s p e c i f i c  a c t i v i t y  was a lw a y s  d e t e r m i n e d  i n  6 d u p l i ­
c a t e  m e a s u r e m e n t s .  T h i s  was a c c o m p l i s h e d  by a d d i n g  ^ a .  100 mg. o f  i t  
t o  e a c h  o f  two t a r e d  50  ^ l  • v o l u m e t r i c  f l a s k s  w h ich  w ere  h a l f - f i l l e d  
w i t h  t o l u e n e ,  and  t h e n  w e i g h i n g  t h e  f l a s k s  and  d i l u t i n g  t o  t h e  mark .
I
T h r e e  1 m l .  p o r t i o n s  w e re  w i th d r a w n  from eac h  o f  t h e  two f l a s k s  and 
a d d ed  t o  c o u n t i n g  v i a l s  c o n t a i n i n g  15 m l .  o f  t h e  LSC s o l u t i o n .  The 
a c t i v i t y  was d e t e r m i n e d  a s  d e s c r i b e d  p r e v i o u s l y  ( s e e  ANALYTICAL).
A f t e r  i r r a d i a t i o n ,  t h e  am pu les  were  removed from t h e  r e a c t o r ,  
w rapped i n  a luminum f o i l ,  and s t o r e d  i n  t h e  d a r k  and c o l d  u n t i l  t h e y  . 
c o u l d  be a n a l y z e d .
Each ampule  was opened  w h i l e  c o l d  and  t r a n s f e r r e d  w i t h  a  s y r i n g e  
t o  a  r e a c t i o n  v e s s e l  a p p r o p r i a t e  f o r  t h e  p u r i f i c a t i o n  p l a n n e d .  The
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ampule was r i n s e d  s e v e r a l  t im e s  w i t h  a  w e ighed  amount o£ s u b s t r a t e  and 
t h e  r i n s i n g s  added  t o  t h e  v e s s e l .  T h i s  i s o t o p i c  d i l u t i o n  t e c h n i q u e  
g r e a t l y  i n c r e a s e d  t h e  amount o f  s u b s t r a t e  so t h a t  i t s  i s o l a t i o n  was 
made e a s i e r .  I f  i n i t i a l  c o n c e n t r a t i o n  o f  t h i o l  was low,  i t  was a l s o  
n e c e s s a r y  to  add n o n - t r i t i a t e d  f-hiol  v o l u m e t r i c a l l y  to  t h e  v e s s e l .
PROCEDURES USED IN PREPARING SUBSTRATES FOR ACTIVITY DETERMINATIONS
The p r o c e d u r e s  used  in  i s o l a t i n g  and p r e p a r i n g  th e  numerous s u b ­
s t r a t e s  f o r  d e t e r m i n a t i o n  o f  t h e i r  a c t i v i t i e s  w i l l  now be d e s c r i b e d .
The s o u r c e  o f  t h e  c h e m i c a l  and any  p u r i f i c a t i o n  done b e f o r e  i t s  use  
w i l l  be m e n t i o n e d .
n - P r o p a n e  t h i o l
A c t i v i t y  i n  t h e  p r o p y l  g roup  o f  t h e  p r o p a n e t h i o l  (Eas tman  Kodak 
w h i t e  l a b e l )  was d e t e r m i n e d  by p r e p a r i n g  S - p r o p y l  d i p h e n y l t h i o c a r b a m a t e  
( i l )  from d i p h e n y l t h i o c a r b a m o y l  c h l o r i d e  ( i )  (Eas tman Kodak w h i t e  l a b e l ) .  
C o n t r o l s  showed t h a t  no s u b s t r a t e  i n t e r f e r e d  w i t h  t h i s  r e a c t i o n ,  so 
t h a t  t h e  r e a c t i o n  was o f t e n  c a r r i e d  o u t  i n  th e  p r e s e n c e  o f  the  s u b ­
s t r a t e  w i t h  no i l l  e f f e c t s .  Sometimes th e  t h i o l  was s e p a r a t e d  from th e
CH3CHe CH2SH + FH£ NC0C1 -  PH2NCOSCH£CH2CH3 + HC1 ( l )
( I )  ( I I )
s u b s t r a t e  by d i s t i l l a t i o n ,  and i n  o t h e r  i n s t a n c e s  a p o r t i o n  o f  th e  
opened ampule  c o n t a i n i n g  b o th  compounds was used  a s  t h e  s o u r c e  o f  the  
t h i o l .
One m l .  ( c a .  .8 6  g . )  o f  t h i o l  was added  to  20 m l .  o f  a  sodium 
e t h o x i d e  s o l u t i o n  c o n t a i n i n g  .25 g- o f  so d iu m .*  An e q u im o la r  ( l . l  mmoles)
*When p a r t  o f  t h e  c o n t e n t s  o f  an  ampule  was u s e d ,  t h e  amount o f  t h i o l  
was e s t i m a t e d  from i t s  c o n c e n t r a t i o n  and th e  volume o f  s o l u t i o n .  T h i s  
was u s u a l l y  l e s s  t h a n  .8 6  g .  o f  t h i o l ,  and  so t h e  p r o c e d u r e  was s c a l e d  
down a c c o r d i n g l y .
amount  o f  t h e  a c i d  c h l o r i d e  ( 2*5  g» )  was d i s s o l v e d  i n  20  m l .  e t h a n o l  
by h e a t i n g  on t h e  s team  b a t h ,  and t h i s  h o t  s o l u t i o n  was added  t o  t h e  
f i r s t .  The r e a c t i o n  m i x t u r e  was h e a t e d  f o r  a b o u t  f i v e  m i n u t e s  on th e  
s tea m  b a t h  and f i l t e r e d  to  remove p r e c i p i t a t e d  s a l t .  W ate r  was added  
t o  t h e  f i l t r a t e  t o  r e d u c e  t h e  s o l u b i l i t y  o f  t h e  d e r i v a t i v e .  C r y s t a l s  
u s u a l l y  formed as  t h i s  s o l u t i o n  c o o l e d ,  a l t h o u g h  o c c a s i o n a l l y  i t  was 
n e c e s s a r y  t o  add  a  3eed  c r y s t a l .  To i n c r e a s e  t h e  y i e l d ,  t h e  s o l u t i o n  
was p l a c e d  i n  t h e  r e f r i g e r a t o r  f o r  f u r t h e r  c o o l i n g .  The t h i o e s t e r  ( i l )  
was r e c r y s t a l l i z e d  by d i s s o l v i n g  t h e  n e e d l e - l i k e  c r y s t a l s  i n  a  minimum 
amount o f  e t h a n o l ,  a d d i n g  w a t e r  u n t i l  c l o u d i n e s s  p e r s i s t e d ,  and warm­
i n g  on t h e  s team  b a t h  u n t i l  c l e a r .  C r y s t a l s  fo rmed upon c o o l i n g  o r  
w i t h  t h e  a d d i t i o n  o f  a  s ee d  c r y s t a l .  The s o l i d  was d r i e d  i n  a  vacuum 
d e s s i c a t o r  b e f o r e  c o u n t i n g .  M.p.  5 2 -5 3 ° •  One r e c r y s t a l l i z a t i o n  was 
s u f f i c i e n t  t o  a t t a i n  c o n s t a n t  a c t i v i t y .
A n a l .  C a l c d .  f o r  C ia H1TN0S: C, 7 0 . 8 5 ;  H, 6 . 2 7 .
Found: C, 7 1 * 3 3 ;  H, 6 . 5 8 .
The same g e n e r a l  p r o c e d u r e  was used  f o r  t h i o p h e n o l . S - p h e n y l  
d i p h e n y l t h i o c a r b a m a t e  gave  m .p .  123 -U0 ; l i t e r a t u r e 2  r e p o r t s  125°  •
To luene
T o lu en e  was s e p a r a t e d  from p r o p a n e t h i o l  by d i s t i l l a t i o n *  ( b . p .  
6 l - 3 ° / l 8 0  mm.; l i t e r a t u r e 3 r e p o r t s  1 1 0 . 6 ° : .  The f i r s t  f r a c t i o n  c o n ­
t a i n i n g  p r o p a n e t h i o l  ( b . p .  i+0° / 2 U0  mm.; 35° / l 80 r an . ;  l i t e r a t u r e 3 r e ­
p o r t s  67° )  was u sed  t o  p r e p a r e  t h e  t h i o e s t e r  ( s e e  a b o v e ) .  T o lu en e  i n  
t h e  m id d le  f r a c t i o n  was washed t h r e e  o r  f o u r  t i m e s  w i t h  c a .  2N sodium 
h y d r o x i d e  to  remove t r a c e s  o f  t h e  h i g h l y  r a d i o a c t i v e  t h i o l .  C o n t r o l s
* U n le s s  o t h e r w i s e  n o te d  a l l  d i s t i l l a t i o n s  were  done  t h r o u g h  a 
V ig r e a u x  column a p p r o x i m a t e l y  20  cm. i n  l e n g t h .
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v e r i f i e d  t h i s  p r o c e d u r e  t o  be e f f i c i e n t .  The s u b s t r a t e  was r e d i l u t e d  
i f  n e c e s s a r y  and r e d i s t i l l e d  t o  c o n s t a n t  a c t i v i t y . *
S in c e  h y d ro g e n  a d d s  t o  a n  a r o m a t i c  r i n g ,  i t  was n e c e s s a r y  t o  
d i f f e r e n t i a t e  be tw een  a c t i v i t y  i n  t h e  r i n g  and s i d e  c h a i n .  T h i s  was 
a c c o m p l i s h e d  by o x i d i x i n g  t h e  t o l u e n e  t o  b e n z o i c  a c i d ,  c o u n t i n g  th e  
a c i d ,  and d e t e r m i n i n g  a c t i v i t y  i n  t h e  s i d e  c h a i n  by d i f f e r e n c e .
The o x i d a t i o n  was do n e  i n  b a s i c  p e rm a n g a n a te  s o l u t i o n 4 a c c o r d i n g  
t o  t h e  f o l l o w i n g  e q u a t i o n :
PhCH3 +  2KMn04 -  PhCOO"K+ +  KOH + HaO + £>Mn02  ( 2 )
One m l .  o f  t o l u e n e  was added  t o  a  s o l u t i o n  c o n t a i n i n g  3 -1  g .  o f  KMn04 
i n  a b o u t  14-0-50 m l .  o f  w a t e r .  One m l .  o f  10 p e r c e n t  sodium h y d r o x i d e  
and  a  few b o i l i n g  c h i p s  w ere  a d d e d ,  and  t h e  m i x t u r e  was r e f l u x e d  f o r  
lf-5 h o u r s .  The s o l u t i o n  was c o o l e d ,  f i l t e r e d ,  a c i d i f i e d  w i t h  s u l f u r i c  
a c i d ,  and p l a c e d  in  t h e  r e f r i g e r a t o r .  The w h i t e ,  f l o c c u l e n t  a c i d  was 
c o l l e c t e d  on a  f i l t e r  and r e c r y s t a l l i z e d  from a h o t  s o l u t i o n  o f  w a t e r /  
e t h a n o l  ( 9 0 / 1 0 ) .  The c r y s t a l s  w ere  d r i e d  i n  a  vacuum d e s s i c a t o r  and 
c o u n t e d .  M.p.  1 2 1 - 2 ° ;  l i t e r a t u r e  r e p o r t s  1 2 2 ° .  F u r t h e r  r e c r y s t a l l i ­
z a t i o n s  l e d  t o  no  c h an g e  i n  s p e c i f i c  a c t i v i t y .
To lu en e  C o n t r o l s
An ampule  c o n t a i n i n g  t o l u e n e  and t h i o l  was s e a l e d  and h e a t e d  i n  
t h e  d a r k  a t  70°  f o r  s i x  h o u r s .  I t  was opened and worked up e x a c t l y  a s  
d e s c r i b e d  p r e v i o u s l y .  B e f o r e  t h e  w a s h in g  p r o c e d u r e ,  a  p o r t i o n  was
♦ " C o n s t a n t  a c t i v i t y "  w i l l  h e r e t o f o r e  be t a k e n  t o  mean t h a t  t h e  a c t i v i t y  
f e l l  by 5 p e r c e n t  o r  l e s s  from one d i s t i l l a t i o n  t o  t h e  n e x t .  T h i s  
p r a c t i c a l  l i m i t  i s  s e t  by t h e  i n h e r e n t  i n e f f i c i e n c y  o f  s i m p l e  d i s t i l ­
l a t i o n s .  Where s o l i d  d e r i v a t i v e s  c o u l d  be p r e p a r e d ,  a  b e t t e r  p l a t e a u  
c o u ld  o f t e n  be o b t a i n e d  by r e p e a t e d  r e c r y s t a l l i z a t i o n s .  T h i s  w i l l  be 
m e n t io n e d  i n  t h e  t e x t  w h e re  a p p r o p r i a t e .
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c o u n t e d .  I t  was  fo u n d  t h a t  w a s h i n g  r e d u c e d  t h e  a c t i v i t y  f rom  a b o u t  
7  x  105 DPM/mole t o  b a c k g r o u n d  l e v e l s .  T h i s  c o n t r o l  i l l u s t r a t e d  t h a t  
t h e  w a s h i n g  p r o c e d u r e  i s  s u f f i c i e n t  t o  rem ove  a l l  t r a c e s  o f  t h i o l  and  
t h a t  no  s p u r i o u s  a c t i v i t y  becomes i n c o r p o r a t e d  i n t o  t h e  t o l u e n e  d u r i n g  
w o r k - u p .
T h r e e  o f  t h e  r u n s  w i t h  t o l u e n e  a t  3OO0 A, an d  4 0 °  w e re  d i s t i l l e d  
s e v e r a l  t i m e s .  T h o se  d a t a  a r e  c o l l e c t e d  i n  T a b l e  I I .  The r e s u l t s  i l ­
l u s t r a t e  t h a t  c o n s t a n t  a c t i v i t y  i s  a t t a i n e d  e s s e n t i a l l y  a f t e r  one  
d i s t i l l a t i o n .
To v e r i f y  t h a t  no  r i n g  a c t i v i t y  was l o s t  d u r i n g  t h e  o x i d a t i o n  
s t e p ,  a  s am p le  o f  t o l u e n e - p - t  ( p r e p a r e d  by  D r .  J .  T .  E c h o l s ,  196b)  
was  o x i d i z e d  by  t h e  u s u a l  p r o c e d u r e .  The t o l u e n e  h a d  a  s p e c i f i c  a c t i ­
v i t y  o f  8 . 2 3  x 105 DPM/mole and t h e  s p e c i f i c  a c t i v i t y  o f  t h e  r e s u l t a n t  
b e n z o i c  a c i d  was 8 . 2 6  x  10s  DPM/mole.  T h i s  d e m o n s t r a t e d  t h a t  t h e  a c t i ­
v i t y  o f  t h e  o x i d i z e d  compound t r u l y  r e p r e s e n t e d  t h e  a c t i v i t y  i n  t h e  
r i n g  o f  t h e  h y d r o c a r b o n .
E t h y l b e n z e n e
A p r o c e d u r e  a n a l a g o u s  t o  t h a t  d e s c r i b e d  f o r  t o l u e n e  was  f o l l o w e d  
w i t h  e t h y l b e n z e n e  ( E a s tm a n  Kodak w h i t e  l a b e l ) .  A f t e r  s e p a r a t i o n  o f  
t h i o l  and  s u b s t r a t e  by d i s t i l l a t i o n * , t h e  e t h y l b e n z e n e  was w ashed  f r e e  
o f  t h i o l  and  r e d i s t i l l e d  t o  c o n s t a n t  a c t i v i t y .  A p o r t i o n  was  o x i d i z e d  
t o  b e n z o i c  a c i d  a c c o r d i n g  t o  t h i s  e q u a t i o n :
PhCHgfHa +  1+KMnO* -* PhCOOK +  3K0H +  C0£  +  UMnO£ +  Hs 0 ( 3 )
The r e a c t i o n  was  p e r f o r m e d  w i t h  one  m l .  o f  e t h y l b e n z e n e ,  5*2 g .  o f  
KMnO^, an d  one  m l .  o f  10 p e r c e n t  b a s e  i n  a b o u t  50 “ I -  o f  w a t e r .  The
* F o r  e t h y l b e n z e n e :  b . p .  8 5 ° / l 8 5  mm. L i t e r a t u r e 3 r e p o r t s  1 3 ^ .
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TABLE I I
ACTIVITY OF TOLUENE AFTER SUCCESSIVE DISTILLATIONS
Sample   S p e c i f i c  A c t i v i t y  (DPM/mole x  IQ"a )_
No. F i r s t  Second T hird
37 2 . 1 7  2 .2 1  -------
38 2 .3 0  2 .1 6  --------
39   1 .5 5  1 -55
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r e a c t i o n  m i x t u r e  was r e f l u x e d  f o r  a b o u t  4 - 5  h o u r s  , and  w orked  up a s  
d e s c r i b e d  p r e v i o u s l y  f o r  t o l u e n e .
Cumene
Cumene was d i s t i l l e d  ( b . p .  1 0 0 ° / l 8 0  mm.; l i t e r a t u r e 3 r e p o r t s  1 52° )
t o  s e p a r a t e  i t  f rom  t h i o l ,  w a s h e d ,  and  r e d i s t i l l e d  t o  c o n s t a n t  a c t i v i t y .
O x i d a t i o n  t o  b e n z o i c  a c i d  was a t t e m p t e d  i n  b o t h  b a s i c  KMnO^ and a c i d i c
NagCrgOy and  KsCr^Oy 5 w i t h  no s u c c e s s .  Thus a n o t h e r  a p p r o a c h  was
u sed  t o  remove a c t i v i t y  i n  t h e  s i d e  c h a i n ,  a l t h o u g h  t h i s  t im e  o n l y  a t
t h e  b e n z y l i c  h y d r o g e n . *
P a r t  o f  t h e  d i s t i l l e d  cumene was  b r o m i n a t e d  t o  2 - b r o m o - 2 - p h e n y l
p r o p a n e  ( i l l )  and th e n  s o l v o l y z e d  i n  m e t h a n o l  t o  m e t h y l  2 - p h e n y l - 2 -
p r o p y l  e t h e r  ( IV )  t o  p r e v e n t  d e c o m p o s i t i o n  o f  t h e  u n s t a b l e  b r o m i d e .
PhCK(CH3 ) 2 + B r2  -  FhCBr(CH3 ) 2  + HBr ( 4 )
( I I I )
PhCBr(CH3 ) £ +  CHaOH -  PhC(CH3 ) £ -0 -CH3 + HBr ( 5 )
( IV )
The b r o m i n a t i o n  was p e r f o r m e d  i n  a  t h r e e - n e c k  round  b o t t o m  f l a s k
e q u i p p e d  w i t h  a  d r o p p i n g  f u n n e l  and  m a g n e t i c  s t i r r i n g .  N i t r o g e n  was
c o n t i n u o u s l y  b u b b l e d  t h r o u g h  a  t u b e  i n s e r t e d  i n t o  one o f  t h e  s i d e  n e c k s .  
The o t h e r  n e c k  s e r v e d  a s  a n  o u t l e t  t o  t h e  s i n k  f o r  t h e  n i t r o g e n  and  t h e  
HBr i t  c o n t i n u o u s l y  r em o v ed .  F i v e  m l .  o f  cumene ( .ca .  4 . 3  g .  » 35 -8  
mmoles)  i n  15 m l .  o f  CCI4  was p o u r e d  i n t o  t h e  f l a s k .  An e q u i m o l a r  
amount o f  b ro m in e  (2 m l . ,  3 g» )  I *1 10 m l .  o f  CCI4 was ad d ed  d r o p w i s e  
f ro m  t h e  a d d i t i o n  f u n n e l  w h i l e  a n  u n f r o s t e d  i n c a n d e s c e n t  lamp o r  su n  
lamp was s h i n e d  on t h e  f l a s k .
*Due to  t h e  e x t r e m e  s e l e c t i v i t y  o f  t h e  h y d r o g e n  a t o m ,  i t  was assumed 
t h a t  a c t i v i t y  i n  t h e  two m e th y l  g r o u p s  was  v e r y  s m a l l  i n  c o m p a r i s o n  
t o  t h e  a c t i v i t y  a t  t h e  cy-hydrogen .
83
Upon c o m p l e t i o n  o f  a d d i t i o n  o f  B r 2 , m e t h a n o l y s i s  o f  t h e  p r o d u c t  
was  d o n e  _in s i t u  by a d d i n g  25  n i l .  o f  m e t h a n o l  and  s t i r r i n g  f o r  a b o u t  a n  
h o u r .  The m i x t u r e  was t h e n  made s l i g h t l y  b a s i c  w i t h  m e t h a n o l i c  KOH, 
and  t h e  s o l v e n t s  w e r e  rem oved  on t h e  R o t a v a p o r .  The c r u d e  p r o d u c t  was 
t a k e n  up i n  e t h y l  e t h e r  an d  w ash e d  t w i c e  w i t h  d i l u t e  so d iu m  b i c a r b o ­
n a t e ,  t w i c e  w i t h  b r i n e ,  and  t h e n  d r i e d  o v e r  a n h y d r o u s  m a g n es iu m  s u l ­
f a t e .  The p r o d u c t  was  p u r i f i e d  by  d i s t i l l a t i o n  t h r o u g h  a  s h o r t - p a t h  
d i s t i l l a t i o n  a p p a r a t u s ;  b . p .  55- 5 7 ° / 4 - 6  mm* L i t e r a t u r e ®  r e p o r t s  
7 8 ° / 1 3  mm. P o s i t i v e  i d e n t i f i c a t i o n  was made by  n u c l e a r  m a g n e t i c  
r e s o n a n c e .  A s i x - p r o t o n  s i n g l e t  a t  1 . 4 5  ppm. ( d o w n f i e l d  f r o m  t e t r a -  
m e t h y l  s i l a n e ,  TMS) was  o b v i o u s l y  d u e  t o  t h e  p a i r  o f  m e t h y l  g r o u p s  a t ­
t a c h e d  t o  t h e  b e n z y l i c  c a r b o n .  A t h r e e - p r o t o n  s i n g l e t  a t  2 . 9 7  ppm. 
r e p r e s e n t e d  t h e  m e t h y l  g r o u p  a t t a c h e d  t o  o x y g e n .  A f i v e - p r o t o n  m u l t i p -  
l e t  e x i s t e d  i n  t h e  a r o m a t i c  r e g i o n  a t  a b o u t  J .2  ppm.
I t  s h o u l d  be  p o i n t e d  o u t  t h a t  c a r e  m u s t  be t a k e n  t o  wash  t h e  
p r o d u c t  f r e e  o f  a l l  t r a c e s  o f  a c i d  so a s  t o  p r e v e n t  c l e a v a g e  o f  t h e  
e t h e r  t o  a - m e t h y l  s t y r e n e  d u r i n g  t h e  d i s t i l l a t i o n .
D io x a n e
p - D i o x a n e  ( M a t h e s o n ,  Coleman and  B e l l  r e a g e n t  g r a d e )  was p u r i f i e d  
b e f o r e  u s e  a c c o r d i n g  t o  a  p r o c e d u r e  d e s c r i b e d  i n  F i e s e r 7 .  The d i o x a n e  
( 2 0 0  m l . )  was  r e f l u x e d  w i t h  20  m l .  o f  w a t e r  an d  2 . 7  ml* o f  c o n c e n t r a t e d  
HC1 o v e r n i g h t  w h i l e  s w e e p i n g  g e n t l y  w i t h  n i t r o g e n  (15  h o u r s ) .  The 
s o l u t i o n  was  a l l o w e d  t o  c o o l ,  p o t a s s i u m  h y d r o x i d e  p e l l e t s  w e r e  a d d ed  
w i t h  s h a k i n g ,  and  t h e  t o p  l a y e r  was  d e c a n t e d .  T h i s  p r o c e d u r e  was 
r e p e a t e d  ( t h r e e  t i m e s )  u n t i l  no a q u e o u s  l a y e r  s e p a r a t e d .  The  d r y  
d i o x a n e  was r e f l u x e d  o v e r  sod ium  f o r  t e n  h o u r s ,  an d  t h e n  d i s t i l l e d .  A 
h e a r t  c u t  o f  a b o u t  50  m l .  was  c o l l e c t e d ,  b . p .  1 0 1 ° ;  l i t e r a t u r e  r e p o r t s  
10 lo .
Qk
I n  t h e  k i n e t i c  r u n s ,  t h e  d i o x a n e  was s e p a r a t e d  f rom  t h i o l  by 
d i s t i l l i n g ,  b u t  t h e  u s u a l  w a s h i n g  p r o c e d u r e  was a l t e r e d  due  t o  t h e  
s o l u b i l i t y  o f  d i o x a n e  i n  w a t e r .  The h e a r t  c u t  f rom  t h e  d i s t i l l a t i o n  
was washed  t h r e e  t i m e s  w i t h  p o r t i o n s  o f  a  5N KOH s o l u t i o n  o f  o n l y  h a l f  
t h e  vo lum e  o f  t h e  d i o x a n e .  A f t e r  w a s h i n g ,  w a t e r  was removed f ro m  th e  
d i o x a n e  by  a d d i n g  KOH p e l l e t s  w i t h  s w i r l i n g  and  d e c a n t i n g  t h e  o r g a n i c  
l a y e r  f rom  t h e  a q u e o u s  l a y e r  w h ic h  r e s u l t e d .  T h i s  was d o n e  u n t i l  no 
a q u e o u s  l a y e r  s e p a r a t e d .  The d i o x a n e  was s t o r e d  o v e r  KOH p e l l e t s  
u n t i l  i t  c o u l d  be c o u n t e d .  A s e c o n d  d i s t i l l a t i o n  o f  one  o f  t h e  s a m p le s  
showed no ch an g e  i n  s p e c i f i c  a c t i v i t y .
C y c l o h e x a n e
Ampules  c o n t a i n i n g  c y c l o h e x a n e  ( F i s h e r  S p e c t r a n a l y z e d ) and  t h i o l  
w e re  o p e n e d ,  d i l u t e d ,  and  d i s t i l l e d  a t  a t m o s p h e r i c  p r e s s u r e .  The 
b o i l i n g  p o i n t  r o s e  s l o w l y  f rom  J 0°  t o  80°  d u r i n g  t h e  d i s t i l l a t i o n ,  
w h ic h  i n d i c a t e d  p o o r  s e p a r a t i o n .  H ow ever ,  t h e  f i r s t  f r a c t i o n ,  w h ich  
was r i c h  i n  t h i o l ,  was u s ed  i n  t h e  p r e p a r a t i o n  o f  t h e  t h i o c a r b a m a t e  
w i t h  no i n t e r f e r e n c e  f ro m  a n y  c y c l o h e x a n e  p r e s e n t .  L a t e r  f r a c t i o n s  
w e re  w ashed  f r e e  o f  t h i o l ,  and  t h e  c y c l o h e x a n e  r e d i s t i l l e d .  The s p e c i ­
f i c  a c t i v i t y  was e s s e n t i a l l y  c o n s t a n t  a f t e r  two d i s t i l l a t i o n s .
2 - P r o p a n o l
S i n c e  a l c o h o l s  c o n t a i n  a n  h y d r o x y l  g r o u p  w i t h  a  l a b i l e  h y d r o g e n ,  
a l l  a m p u le s  c o n t a i n i n g  a n  a l c o h o l  and  t h e  t h i o l  w ere  h e a t e d  i n  t h e  d a r k  
a t  kO° f o r  s e v e r a l  h o u r s  t o  a l l o w  c o m p l e t e  e q u i l i b r a t i o n  o f  t h e  t r i t i u m .  
I n  a l l  su ch  r u n s  i t  was  n e c e s s a r y  t o  c o r r e c t  t h e  m e a s u re d  s p e c i f i c  
a c t i v i t y  o f  t h e  t h i o l ,  A ° ^ , t o  a c c o u n t  f o r  t r i t i u m  e x c h a n g e  w i t h  t h e  - 
a l c o h o l .  I t  was assum ed  t h a t  t h e  t h i o l  p o s s e s s e d  a  f r a c t i o n  o f  t h e  
t o t a l  amount o f  t r i t i u m  p r e s e n t  e q u a l  t o  i t s  mole  f r a c t i o n .
Ampules c o n t a i n i n g  2 - p r o p a n o l  ( F i s h e r  S p e c t r a n a l y z e d ) a s  t h e  
s u b s t r a t e  w ere  o p e n e d ,  d i l u t e d ,  and p a r t  o f  t h e  c o n t e n t s  used  t o  p r e ­
p a r e  t h e  t h i o e s t e r .  None o f  t h e  a l c o h o l s  s t u d i e d  i n t e r f e r e d  w i t h  t h i s  
r e a c t i o n .  The r e s t  o f  t h e  ampule  was t r a n s f e r r e d  t o  a  s m a l l  e r l e n -  
meyer f l a s k  i n  o r d e r  t o  p r e p a r e  a  d e r i v a t i v e  o f  t h e  a l c o h o l .
For e x a m p l e ,  suppose  t h e  ampule  c o n t a i n e d  a p p r o x i m a t e l y  one m l .  o f  
2 - p r o p a n o l  and two m l .  o f  p r o p a n e t h i o l  and  was d i l u t e d  w i t h  t h r e e  m l .  
o f  a l c o h o l .  H a l f  o f  t h i s  was t a k e n  f o r  t h e  r e a c t i o n  w i t h  d i p h e n y l -  
c a r b am o y l  c h l o r i d e .  To t h e  o t h e r  h a l f ,  w h ich  c o n t a i n e d  £ a .  two m l .
(2 6  mmoles)  o f  t h e  a l c o h o l ,  was added  two m l .  (1 8  mmoles) o f  p h e n y l  
i s o c y a n a t e ,  and  t h e  m i x t u r e  was warmed on t h e  s tea m  b a t h  f o r  a b o u t  
f i v e  m in u te s ® .  The c o n t e n t s  s o l i d i f i e d  upon c o o l i n g ,  an d  t h e  s o l i d  
p h e n y l u r e t h a n e  was r e c r y s t a l l i z e d  from e t h a n o l / w a t e r .  M.p.  8 6 - 7 ° ;  
l i t e r a t u r e ®  r e p o r t s  88° .
S i n c e  t h e  f o r m a t i o n  o f  t h e  p h e n y l u r e t h a n e  i n c o r p o r a t e s  t h e  h y d r o x y l  
h y d r o g e n  o f  t h e  a l c o h o l ,  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  u r e t h a n e  w i l l  be 
e r r o n e o u s l y  h i g h  due to  t h i s  a d d i t i o n a l  t r i t i u m .  The r e a c t i o n  i s  
w r i t t e n  be low t o  i l l u s t r a t e  t h i s  p o i n t :
T
(CH3 )£CTOT + PhNCO -  (CH3 )2CT0CNPh ( 6 )
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The d e r i v a t i v e  was r e c r y s t a l l i z e d  t o  c o n s t a n t  a c t i v i t y  f rom  e t h a n o l /  
w a t e r  t o  remove t h i s  unwanted t r i t i u m .  In  e t h a n o l / w a t e r  t h e  l a b i l e  
h y d r o g e n  ( a n d  t h u s  t r i t i u m )  a t  t h e  n i t r o g e n  u n d e rg o e s  exchange  w i t h  
t h e  s o l v e n t ,  and a l l  t r i t i u m  t h e r e  i s  e v e n t u a l l y  c o m p l e t e l y  removed.
As a  c o n t r o l ,  a l c o h o l  w h ich  had  no t r i t i u m  i n  t h e  p r o p y l  g roup 
was mixed w i t h  p r o p a n e t h i o l - t  so  t h a t  t h e  h y d r o x y l  g roup  m ig h t  become 
t r i t i a t e d .  The u r e t h a n e  was p r e p a r e d  i n  t h e  u s u a l  manner  and c o u n te d
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b e f o r e  b e i n g  r e c r y s t a l l i z e d  and a f t e r  e a c h  r e c r y s t a l l i z a t i o n .  Those 
d a t a  f rom  k i n e t i c  r u n s  a r e  c o l l e c t e d  i n  T a b l e  I I I .
The c o n t r o l  i l l u s t r a t e s  t h e  h i g h  s p e c i f i c  a c t i v i t y  o f  t h e  u r e t h a n e  
b e f o r e  r e c r y s t a l l i z i n g  and  t h u s  b e f o r e  t r i t i u m  a t  t h e  n i t r o g e n  i s  r e ­
moved by e x c h a n g e .  A f t e r  t h r e e  r e c r y s t a l l i z a t i o n s ,  h o w e v e r ,  t r i t i u m  
i s  p r e s e n t  o n l y  t o  a  n e g l i g i b l e  e x t e n t .  A c t i v i t y  o f  t h e  d e r i v a t i v e s  
from r u n s  5 9 ~ 6 l  d e c r e a s e s  by o n l y  1+-5 p e r c e n t  from t h e  s ec o n d  t o  t h e  
t h i r d  r e c r y s t a l l i z a t i o n  and  i s  c o n s i d e r e d  t o  be  c o n s t a n t  a t  t h i s  p o i n t .
E t h a n o l
Ampules  c o n t a i n i n g  e t h a n o l  ( U . S . I .  a b s o l u t e  r e a g e n t )  were  t r e a t e d  
e x a c t l y  a s  d e s c r i b e d  p r e v i o u s l y  when 2 - p r o p a n o l  was t h e  s u b s t r a t e .  
However ,  more d i f f i c u l t y  was e n c o u n t e r e d  i n  b r i n g i n g  t h e  p h e n y l u r e t h a n e s  
t o  c o n s t a n t  a c t i v i t y .  T h i s  was due  t o  two f a c t o r s :  t h e  low er  s p e c i f i c
a c t i v i t y  o f  t h e  e t h y l  g roup  a s  compared to  t h e  i s o p r o p y l  g r o u p ,  and  t h e  
h i g h e r  s o l u b i l i t y  o f  t h e  u r e t h a n e  i n  e t h a n o l / w a t e r .  The l a t t e r  made i t  
n e c e s s a r y  t o  use  l e s s  s o l v e n t ,  and  t h i s  r e d u c e d  t h e  s i z e  o f  t h e  h y d ro g e n  
p o o l  a v a i l a b l e  f o r  ex ch a n g e  w i t h  th e  t r i t i u m  on n i t r o g e n  i n  t h e  u r e t h a n e .  
C o n s e q u e n t l y ,  s i x  r e c r y s t a l l i z a t i o n s  were  r e q u i r e d  t o  r e a c h  c o n s t a n t  
a c t i v i t y  ( T a b l e  IV ) .  M.p .  o f  t h e  d e r i v a t i v e  was 5 2 ° ;  l i t e r a t u r e 8 r e ­
p o r t s  52°  •
M eth an o l
M e th a n o l  (B a k e r  A n a ly ze d  R e a g e n t )  s am p le s  w ere  t r e a t e d  i n  t h e  same 
m anner  a s  t h e  o t h e r  two a l c o h o l s .  The p ro b le m  o f  a t t a i n i n g  c o n s t a n t  
s p e c i f i c  a c t i v i t y  was g r e a t  h e r e  b e c a u s e  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  
w i t h  t h e  p h e n y l u r e t h a n e s  c f  e t h a n o l  w ere  even  more s i g n i f i c a n t .  The 
d e r i v a t i v e s  n e v e r  r e a l l y  r e a c h e d  a  p l a t e a u  in  e v e r y  c a s e  b e f o r e  a l l  
t h e  s o l i d  had  been  used  i n  t h e  r e p e a t e d  r e c r y s t a l l i z a t i o n s  and  c o u n t i n g s .
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TABLE I I I
EFFECT OF RECRYSTALLIZATIONS ON THE SPECIFIC 
ACTIVITY OF PHENYLURETHANES OF 2 - PROPANOL
A c t i v i t y  o f  U r e t h a n e  a f t e r  S p e c i f i e d  R e c r y s t a l l i z a -  
_________________ t i o n  (DPM/mole x 10"7 )__________________
Sample None F i r s t  Second T h i r d
C o n t r o l  4 5 4 .  1 -52  .025 -00?
59   1 9 -2  1 2 .0 7  11-57
60    6 .2 7  4 .0 2  3 .9 0
61   8 0 .6  2 3 .9 4  2 1 .8 6
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TABLE IV
EFFECT OF RECRYSTALLIZATIONS ON THE SPECIFIC 
ACTIVITY OF THE PHENYLURETHANES OF ETHANOL
A c t i v i t y  o f  U r e th a n e  a f t e r  S p e c i f i e d  R e c r y s t a l l i z a t i o n
______________________ (DPM/mole x 10~7 )_______________________
Sample F i f t h  S i x t h
69   05
70  6 .0 1  5 .8 7
71 1 0 .5 6  1 0 .81
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The d a t a  a r e  n o t  v e r y  a c c u r a t e  f o r  t h i s  r e a s o n ,  a s  t h e  r e s u l t s  in  
T a b l e  V i n d i c a t e .
A control was run in an attempt to correct for residual activity 
at the nitrogen after four and five recrystallizations. The control 
was used as a blank, and its activity in CPM was subtracted from the 
activity of the sample to arrive at an estimate of the correct specific
activity of the sample. Thus, No. 65 was taken to be correct, but
No. 66 was corrected by subtracting 53 CPM from its total, and No. 67
had 65 CPM removed from its total counts.
The m .p .  o f  t h e  p h e n y l  u re thane  o f  m e t h a n o l  was r e c o r d e d  a s  46-47°; 
l i t e r a t u r e ®  r e p o r t s  4 7 ° •
B enzy l  A lc o h o l
Ampules c o n t a i n i n g  b e n z y l  a l c o h o l  (Merck  r e a g e n t  g r a d e  -  d i s t i l l e d  
b e f o r e  u s e )  were  o p e n e d ,  d i l u t e d ,  and  d i s t i l l e d .  The t h i o l  was c o l ­
l e c t e d  a t  h i g h  p r e s s u r e  ( .ca.  220 m m .) ,  and  t h e  a l c o h o l  was d i s t i l l e d  
a t  20 mm. ( 1 0 0 ° C . )
Approximately one ml. (10.3 mmoles) of the distilled alcohol was 
heated on the steam bath with one ml. (9 mmoles) of phenyl isocyanate. 
The solid phenylurethane which resulted was recrystallized to constant 
activity from ethanol/water. M.p. 7 7 ~ 7 8 ° ;  literature9 reports 78° •
The specific activity of the phenyl urethanes of benzyl alcohol 
was extremely high, and a great deal of scatter was evident in the 
data. Preparation of controls, however, proved that no extraneous 
activity appeared in the derivatives during the work-up procedure.
T a b l e  VI g i v e s  t h e s e  d a t a .
P a r t  o f  t h e  a l c o h o l  c o l l e c t e d  from t h e  d i s t i l l a t i o n  was o x i d i z e d  
t o  b e n z o i c  a c i d  a c c o r d i n g  t o  t h i s  e q u a t i o n :
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TABLE V
EFFECT OF RECRYSTALLIZATIONS ON THE SPECIFIC 
ACTIVITY OF THE PHENYLURETHANES OF METHANOL
A c t i v i t y  o f  U r e t h a n e  a f t e r  S p e c i f i e d  R e c r y s t a l l i z a -
_________________ t i o n  (DPM/mole x 10" 7 )__________________
Sample T h i r d  F o u r t h  F i f t h  S i x t h
65 .22  .2k2 .168  .178
66 2 .5 5  1-89 1.22  ------
6 7    .7 8 0  ---------  -------
C o n t r o l  ------  63CPM 33CPM ------
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TABLE VI
EFFECT OF RECRYSTALLIZATIONS ON THE SPECIFIC 
ACTIVITY OF THE URETHANES OF BENZYL ALCOHOL
A c t i v i t y  o f  U r e t h a n e  a f t e r  S p e c i f i e d  R e c r y s t a l -
____________ l i z a t i o n  (DFM/mole x 10~T )______________
Sample  Second T h i r d  F o u r t h
7  6   1 8 5 .7  1 8 2 . 1+
77   3 6 7 .5  3 5 8 .5
78   -  8 6 0 .8  8 7 0 .5
C o n t r o l  0.1+5 .0 3  ----------
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3PhCH20H +  4KMnO* -  3PhCOOK +  KOH +  4K20 +  4Mn02  ( 7 )
A bou t  two m l .  (19*^- n m o le s )  o f  t h e  a l c o h o l  was added  to  a  round bo t tom  
f l a s k  c o n t a i n i n g  60 m l .  o f  w a t e r ,  4 . 2  g .  o f  KMn04 ( 2 5 - 9  n m o l e s ) ,  one 
m l .  o f  10 p e r c e n t  b a s e ,  and a  few b o i l i n g  c h i p s .  The m i x t u r e  was 
s t i r r e d ,  and  a r e a c t i o n  b e g a n .  A f t e r  th e  f l a s k  c o o l e d  and t h e  r e a c t i o n  
s u b s i d e d ,  t h e  c o n t e n t s  w e re  r e f l u x e d  f o r  a n  h o u r .  The a c i d  was r e ­
c o v e r e d  e x a c t l y  a s  d e s c r i b e d  i n  t h e  s e c t i o n  on t o l u e n e .  The s p e c i f i c  
a c t i v i t y  o f  t h e  r e s u l t a n t  b e n z o i c  a c i d  was c o n s t a n t  a f t e r  two r e c r y s ­
t a l l i z a t i o n s  .
P od ecan e
Dodecane ( P h i l l i p s  66  Pu re  G rad e )  was washed w i t h  s u l f u r i c  a c i d  
t o  remove o l e f i n s ,  d r i e d  o v e r  magnesium s u l f a t e ,  and d i s t i l l e d  o v e r  
DPPH. The h e a r t  c u t  was t a k e n  to  be used  i n  t h e  k i n e t i c  r u n s .
The c o n t e n t s  o f  e ac h  ampule  was r i n s e d  i n t o  a  b o i l i n g  f l a s k  w i t h  
a  known amount  o f  d o d e c a n e  a s  d i l u e n t .  P r o p a n e t h i o l  was c o l l e c t e d  a t  
a  p r e s s u r e  o f  a b o u t  220 mm. The d i s t i l l a t i o n  was t h e n  i n t e r r u p t e d ,  
t h e  t h i o l  rem oved ,  and t h e  d i s t i l l a t i o n  resumed a t  5 r™11* Dodecane 
came o v e r  a t  7 2°  a t  t h i s  p r e s s u r e .  L i t e r a t u r e 3 r e p o r t s  2 1 6 ° .  The 
m id d le  f r a c t i o n  was c o l l e c t e d ,  washed f r e e  o f  t h i o l ,  r e d i l u t e d ,  and 
r e d i s t i l l e d .  A c t i v i t y  f e l l  by 10-20  p e r c e n t  a f t e r  one d i s t i l l a t i o n ,  
b u t  a  t h i r d  d i s t i l l a t i o n  on  one sample  gave  a  d r o p  o f  l e s s  t h a n  5 p e r ­
c e n t .  Thus i t  was assumed t h a t  i n  a l l  c a s e s  c o n s t a n t  a c t i v i t y  was 
r e a c h e d  a f t e r  two d i s t i l l a t i o n s .
2 . 3 - D im e th y I b u t a n e
The b o i l i n g  p o i n t s  o f  2 , 3 - d i m e t h y l b u t a n e  (M a th eso n ,  Coleman,  and. 
B e l l  C h r o m a t o q u a l i t y  R e a g e n t )  and p r o p a n e t h i o l  a r e  58°  arid 67° r e s p e c ­
t i v e l y 3 , s o  t h a t  a  s im p le  d i s t i l l a t i o n  would g i v e  v e r y  p o o r  s e p a r a t i o n .
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C o n s e q u e n t l y ,  t h e  a mpu l e s  were  opened and d i l u t e d  w i t h  a s m a l l  amount  
o f  t h e  a l k a n e  (and t h i o l ,  wh e re  i t s  c o n c e n t r a t i o n  was l o w ) ,  and a p a r t  
o f  t h i s  was t a k e n  t o  p r e p a r e  t h e  t h i o e s t e r .  The r e m a i n d e r  o f  t h e  c o n ­
t e n t s  was washed s e v e r a l  t i m e s  w i t h  b a s e ,  r e d i l u t e d  t o  b r i n g  t h e  a -  
mount  o f  a l k a n e  t o  a r e a s o n a b l e  l e v e l ,  and d i s t i l l e d .  The m i d d l e  
f r a c t i o n  was c o l l e c t e d ,  a b o u t  o n e - h a l f  ml .  o f  c o l d  t h i o l  was added t o  
i t ,  and i t  was washed  t h r e e  t i m e s  w i t h  b a s e .  A s econd  d i s t i l l a t i o n  
was p e r f o r m e d ,  and t h e  a c t i v i t y  was found  t o  be t h e  same a s  t h a t  o b ­
s e r v e d  a f t e r  one d i s t i l l a t i o n .
Hexane
Hexane (M a th e s o n ,  C o lem an ,  and B e l l  r e a g e n t  g r a d e )  b o i l s 3 a t  6 8 - 69° ,  
and  so i t  was t r e a t e d  j u s t  a s  was 2 , 3 - d i m e t h y l b u t a n e . Two d i s t i l l a t i o n s  
and  r e p e a t e d  b a s i c  w a s h i n g s  ( w i t h  added  c o l d  t h i o l  a s  an  i s o t o p i c  
d i l u e n t )  l e d  t o  c o n s t a n t  a c t i v i t y .
p - X y l e n e
Ampules c o n t a i n i n g  p - x y l e n e  ( M a i1i n c k r o d t  r e a g e n t  g r a d e )  were  
opened  and d i l u t e d  w i t h  a s m a l l  amount o f  t h e  a r o m a t i c  h y d r o c a r b o n .
P a r t  o f  t h e  d i l u t e d  c o n t e n t s  was u sed  t o  p r e p a r e  t h e  t h i o e s t e r ,  and 
t h e  r e m a i n d e r  was washed w i t h  b a s e  t o  remove  t h i o l .  T h i s  was t h e n  d r i e d  
and r e d i l u t e d ,  and d i s t i l l e d  a t  60  mm. ( b . p .  6 2 ° ) .  S i n c e  r a d i o a c t i v e  
p r o p y l  d i s u l f i d e  i s  a p r o d u c t  o f  a l l  r u n s ,  some c o l d  d i s u l f i d e  was 
added  t o  t h e  d i s t i l l i n g  f l a s k  t o  s e r v e  a s  an  i s o t o p i c  d i l u e n t .  T h i s  
p r a c t i c e  was g e n e r a l l y  f o l l o w e d  when h i g h  b o i l i n g  s u b s t r a t e s  such  a s  
p - x y l e n e  ( b . p . 3 138° )  w e re  d i s t i l l e d  s i n c e  t h e  d i s u l f i d e  i s  a l s o  h i g h  
b o i l i n g  ( I 9O0 3 ) . A s ec o n d  d i s t i l l a t i o n  o f  t h e  m i d d l e  f r a c t i o n  showed 
t h a t  t h e  s p e c i f i c  a c t i v i t y  had  r e a c h e d  a  c o n s t a n t  v a l u e .
An a t t e m p t  was made t o  o x i d i z e  o n l y  one o f  t he  m e t h y l  g r o u p s  a c ­
c o r d i n g  t o  a p r o c e d u r e  d e s c r i b e d  f o r  t h e  o x i d a t i o n  o f  p-cymene  to
p - t o l u i c  a c i d 1 0 . H ow ever ,  numerous  a t t e m p t s  p ro v e d  u n s u c c e s s f u l ,  and  
so  a  p e r m a n g a n a t e  o x i d a t i o n  was p e r f o r m e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  
e q u a t i o n :
CH
>CH3
+ 4KMn04 -* COOK
IOOK
+  2K0H +  2H£0  + 4MnO£ ( 8 )
Two m l .  (1 6  mmoles) o f  d i s t i l l e d  p - x y l e n e  was ad d ed  t o  a  b o i l i n g  f l a s k  
c o n t a i n i n g  100 m l .  o f  w a t e r ,  1 1 . 0  g .  o f  KMn04 (70  m m o le s ) ,  one m l .  o f
10 p e r c e n t  b a s e ,  and a  few b o i l i n g  c h i p s .  The m i x t u r e  was r e f l u x e d  f o r  
s e v e n  h o u r s ,  c o o l e d ,  and  f i l t e r e d .  The f i l t r a t e  was a c i d i f i e d  w i t h  
c o n c e n t r a t e d  H£ S04 , and t h e  w h i t e  t e r e p h t h a l i c  a c i d  t h a t  r e s u l t e d  was 
f i l t e r e d  and  washed t h o r o u g h l y  w i t h  w a t e r  and  e t h a n o l .  The p r o d u c t  was 
d r i e d  i n  a  vacuum d e s s i c a t o r ,  and  t h e  y i e l d  was 1 . 1  g .  (42  p e r c e n t ) .
T e r e p h t h a l i c  a c i d  i s  so h i g h l y  i n s o l u b l e  i n  m o s t  s o l v e n t s  t h a t  i t  
was  n e c e s s a r y  t o  make t h e  d i m e t h y l  e s t e r  b e f o r e  i t s  a c t i v i t y  c o u l d  be  
d e t e r m i n e d .  The 1 . 1  g .  ( 6 .5  mmoles)  o f  a c i d  was r e f l u x e d  w i t h  2 . 5  t n l . 
(35  mmoles)  o f  t h i o n y l  c h l o r i d e  i n  two m l .  o f  p y r i d i n e  f o r  a b o u t  t h i r t y  
m i n u t e s .  No s o l i d  r e m a in e d  a t  t h e  end o f  t h i s  p e r i o d .  The c l e a r  s o l u ­
t i o n  was c o o l e d ,  and  a  m i x t u r e  o f  m e t h a n o l  (5*5 m l . ;  80 mmoles) and 
p y r i d i n e  ( 4  m l . )  was ad d ed  d r o p w i s e .  A t  t h e  end  o f  t h e  a d d i t i o n ,  t h e  
m i x t u r e  was warmed f o r  t h i r t y  m i n u t e s  w i t h  s t i r r i n g  and  t h e n  a l l o w e d  t o  
c o o l .  The r e a c t i o n s  a r e  g i v e n  b e lo w .
+ S0C1 C0C1a
C0C1
>  c o £ c h ^
o2c h 3
( 9 )
The d i m e t h y l t e r e p h t h a l a t e  was r e c o v e r e d  by  a d d i n g  a  b r i n e  s o l u t i o n  
t o  t h e  r e a c t i o n  m i x t u r e  and  e x t r a c t i n g  t h r e e  t i m e s  w i t h  e t h e r .  The 
e t h e r  e x t r a c t s  w e re  combined  and  washed  t h r e e  t i m e s  w i t h  d i l u t e  b a s e ,
t w i c e  w i t h  d i l u t e  HC1, and  t w i c e  w i t h  a q u e o u s  sod ium c a r b o n a t e .  A f t e r  
i t  was d r i e d  o v e r  m agnes ium  s u l f a t e ,  t h e  e t h e r  s o l u t i o n  was h e a t e d  on 
t h e  s t e a m  b a t h  t o  remove t h e  s o l v e n t .  The y e l l o w  s o l i d  t h a t  r e m a in e d  
was  d i s s o l v e d  i n  h o t  e t h a n o l ,  and  w a t e r  was  ad d ed  u n t i l  c l o u d i n e s s  
p e r s i s t e d .  T h i s  s o l u t i o n  was h e a t e d  u n t i l  c l e a r  and  a l l o w e d  t o  s l o w l y  
c o o l .  L o n g ,  n e e d l e - l i k e  c r y s t a l s  o f  d i m e t h y l  t e r e p h t h a l a t e  soon  fo r m e d ,  
and  t h e  f l a s k  was p l a c e d  i n  t h e  r e f r i g e r a t o r  t o  i n c r e a s e  t h e  y i e l d .  
O v e r a l l  y i e l d  was 0 . 6  g . , o r  50 p e r c e n t .  M e l t i n g  p o i n t  1 4 0 - 1 4 1 ° ;  l i t e r a ­
t u r e  r e p o r t s  l U l - l U 2 ° .  One r e c r y s t a l l i z a t i o n  b r o u g h t  t h e  e s t e r  t o  c o n ­
s t a n t  a c t i v i t y .
p - M e t h o x y t o l u e n e
p - M e t h o x y t o l u e n e  o r  p - m e t h y l a n i s o l e  (M a th e s o n ,  C o lem an ,  and  B e l l  
r e a g e n t  g r a d e )  was  t r e a t e d  i n  a  m an n e r  a n a l a g o u s  t o  t h a t  d e s c r i b e d  f o r  
p - x y l e n e .  P a r t  o f  t h e  d i l u t e d  c o n t e n t s  o f  e ac h  am pule  was u s ed  t o  make 
t h e  t h i o e s t e r ,  a n d  t h e  r e s t  was w ashed  w i t h  b a s e ,  r e d i l u t e d ,  and d i s ­
t i l l e d .  A b o u t  o n e - h a l f  m l .  o f  p r o p y l  d i s u l f i d e  was ad d ed  b e f o r e  d i s ­
t i l l i n g  t o  d i l u t e  a n y  l a b e l e d  d i s u l f i d e  t h a t  m i g h t  be  p r e s e n t .  A m id d le  
f r a c t i o n  b o i l i n g  a t  8 9 ° / ^ 5  nim. ( l i t e r a t u r e 3 r e p o r t s  1 0 2 ° / 1 0 0  mm.) was 
c o l l e c t e d .  An a d d i t i o n a l  d i s t i l l a t i o n  r e s u l t e d  i n  no c h a n g e  i n  t h e  
s p e c i f i c  a c t i v i t y .
To c h e c k  f o r  t h e  am ount  o f  a c t i v i t y  i n  t h e  m e th o x y  g r o u p ,  one o f  
t h e  s a m p le s  (No. 9 8 ) was  s u b j e c t e d  to  c l e a v a g e  w i t h  HI1 1 :
T h r e e  m l .  o f  p - m e t h y l a n i s o l e  f rom  t h e  d i s t i l l a t i o n  o f  No. 98  was r e ­
f l u x e d  w i t h  25 m l .  o f  HI f o r  t w e n t y - f o u r  h o u r s .  The o u t l e t  on  t h e
HI - ( 1 0 )
F r i e d r i c h s  c o n d e n s e r  l e d  t o  a  t r a p  k e p t  i n  a  d r y  i c e - a c e t o n e  b a t h  so 
t h a t  t h e  m e th y l  i o d i d e  m i g h t  be  r e c o v e r e d .  A f t e r  a l l o w i n g  t h e  m i x t u r e  
t o  c o o l ,  t h e  p r o d u c t  was removed by  e x t r a c t i n g  f o u r  t i m e s  w i t h  e t h e r .
The e t h e r  s o l u t i o n  was washed f o u r  t im e s  w i t h  d i l u t e  sodium c a r b o n a t e  
t o  remove HI and d r i e d  o v e r  a n h y d r o u s  sod ium  s u l f a t e .  The e t h e r  was 
removed on a  r o t a r y  e v a p o r a t o r ,  and  t h e  p r o d u c t  d i s t i l l e d  t h r o u g h  a 
s h o r t - p a t h  a p p a r a t u s .  B .p .  1 5 0 ° / 5 0  mm.; l i t e r a t u r e 3 r e p o r t s  191-192°» 
Samples  o f  t h e  two c l e a v a g e  p r o d u c t s ,  m e t h y l  i o d i d e *  and p - c r e s o l ,  were  
c o u n te d  and compared t o  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  e t h e r  i t s e l f .
Those  r e s u l t s  a r e  g i v e n  i n  T a b l e  V I I .  The d a t a  show t h a t  t h e  a c t i v i t y  
i n  t h e  m e th y l  i o d i d e  i s  a c t u a l l y  t o o  s m a l l  t o  m e a s u r e ,  and  t h a t  t h e  
s p e c i f i c  a c t i v i t i e s  o f  t h e  e t h e r  and  p h e n o l  a r e  e s s e n t i a l l y  i d e n t i c a l .
I t  i s  s a f e  t o  c o n c lu d e  h e r e  t h e n  t h a t  t h e  t r i t i u m  p r e s e n t  i n  t h e  methoxy 
g ro u p  w i l l  be  n e g l i g i b l e  i n  a l l  c a s e s .
O x i d a t i o n  o f  t h e  e t h e r  t o  p - m e th o x y b e n z o i c  a c i d  ( p - a n i s i c  a c i d )  
was a c c o m p l i s h e d  by r e f l u x i n g  2 m l .  ( 1 6 . 4  rano les )  o f  i t  w i t h  5 g* o f  
KMn04  ( 31*6 m n o le s )  i n  50 “ I* ° f  w a t e r  c o n t a i n i n g  one m l .  o f  10 p e r c e n t  
b a s e  f o r  5 h o u r s .  The s o l u t i o n  was c o o l e d ,  f i l t e r e d ,  and  a c i d i f i e d ,  
and  t h e  a c i d  was r e c r y s t a l l i z e d  f rom e t h a n o l / w a t e r .  M.p .  1 8 2 - 4 ° ;  l i t e r ­
a t u r e 3 r e p o r t s  1 8 4 ° .  F u r t h e r  r e c r y s t a l l i z a t i o n s  r e s u l t e d  i n  no change  
i n  s p e c i f i c  a c t i v i t y .
H a l o g e n o t o l u e n e s
m -B rom oto luene  ( E as tm a n  w h i t e  l a b e l ) ,  m - c h l o r o t o l u e n e  and p- 
c h l o r o t o l u e n e  (M a th e s o n ,  C o lem an ,  and  B e l l  r e a g e n t  g r a d e )  w ere  a n a l y z e d
*The i d e n t i t y  o f  m e th y l  i o d i d e  was c o n f i r m e d  by NMR. The l i t e r a t u r e 12  
r e p o r t s  a  c h e m i c a l  s h i f t  o f  2 .1 5  p p m . , and  t h i s  i s  e x a c t l y  w h a t  was 
o b s e r v e d .
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TABLE V II  
DISTRIBUTION OF TRITIUM ACTIVITY IN 
THE CLEAVAGE PRODUCTS OF p-METHYLANISOLE
A c t i v i t y  S p e c i f i c  A c t i v i t y
Compound (CPM-background) (DPM/mole x  10~s )
p - M e t h y l a n i s o l e  8 6 l 8  1*952
p - C r e s o l  351 1 .92
M ethy l  i o d i d e  1+ .01
i d e n t i c a l l y .  I n  e ach  c a s e ,  t h e  am pu les  w ere  o p e n e d ,  d i l u t e d ,  and a 
p a r t  o f  t h e  c o n t e n t s  used  to  make t h e  t h i o e s t e r .  The r e m a i n d e r  was 
washed and d i s t i l l e d  w i t h  t h e  a d d i t i o n  o f  a b o u t  o n e - h a l f  m l .  o f  p r o p y l  
d i s u l f i d e .
With  a l l  t h r e e  compounds,  t h e  a p p r o p r i a t e  h y d r o h a l o g e n i c  a c i d  was 
fo rmed d u r i n g  t h e  i r r a d i a t i o n .  A n a l y s i s  f o r  t h e  amount o f  a c i d  formed 
was done i n  a  c r u d e  manner  t o  g e t  a  good e s t i m a t e  a s  t o  t h e  p e r c e n t a g e  
o f  HX p r e s e n t  a t  t h e  end o f  a r u n .  An ampule  was opened  and q u i c k l y  
immersed i n  a  m e as u re d  volume o f  d i s t i l l e d  w a t e r  (100 m l . ) .  The 
o r g a n i c  l a y e r  was e x t r a c t e d  s e v e r a l  t i m e s  w i t h  p e n t a n e  t o  remove su b ­
s t r a t e  and t h i o l .  A p o r t i o n  o f  t h i s  a q u eo u s  s o l u t i o n  o f  HX was 
t i t r a t e d  w i t h  .01N NaOH to  a  p h e n o l p h t h a l e i n  end p o i n t .  A n o th e r  p o r ­
t i o n  was t e s t e d  f o r  t h e  p r e s e n c e  o f  h a l i d e  i o n s  w i t h  a  s o l u t i o n  o f  
s i l v e r  n i t r a t e .  A l th o u g h  any  t h i o l  p r e s e n t  would i n t e r f e r e  w i t h  bo th  
t h e s e  t e s t s ,  c o n t r o l s  showed t h a t  t h e  e x t r a c t i o n  p r o c e d u r e  was e f f i ­
c i e n t  i n  rem ov ing  a l l  t h i o l .
As a n  a d d i t i o n a l  c o n t r o l ,  am pu les  c o n t a i n i n g  p u r e  h a l o g e n o t o l u e n e  
w ere  s u b j e c t e d  t o  i r r a d i a t i o n  f o r  t w e lv e  h o u r s ,  and t h e  amount o f  HX 
p ro d u c e d  was m e a s u r e d .  The r e s u l t s  o f  a l l  t h e s e  m easu re m e n ts  o f  HX a r e  
g i v e n  i n  T a b le  V I I I .
The a g r e e m e n t  b e tw ee n  No. 106 and  t h e  c o n t r o l  i s  o b v i o u s l y  f o r t u i ­
t o u s ,  s i n c e  some HX was a lw a y s  l o s t  upon o p e n in g  t h e  a m p u l e s .  These  
r e s u l t s  do i n d i c a t e  t h a t  much l e s s  c h l o r i n e  t h a n  b rom ine  d i s p l a c e m e n t  
by H* o c c u r s .  O b v io u s ly  a  g r e a t  d e a l  more i n v e s t i g a t i o n  i n t o  t h i s  r i n g -  
d i s p l a c e i n e n t  r e a c t i o n  i s  n eed ed .
The a c i d s  w ere  formed i n  t h e  u s u a l  manner  by o x i d a t i o n  w i t h  b a s i c  
p e r m a n g a n a t e .  Two moles  o f  KMn04 were  r e a c t e d  w i t h  e ac h  mole  o f
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TABLE VIII  
PRODUCTION OF HX FROM SAMPLES 
CONTAINING HALOGENOTOLUENES
Subs t r a t e Sample
HX Produced  
(m o les  x 104 )
S u b s t r a t e  
P r e s e n t  
(m oles  x 10s )
P e r c e n t
HX
AgN03
T e s t
m-Brom oto luene f a )C o n t r o l O .58 2 . 4 6 0 . 3 0 P o s .
m -Brom oto luene No. 103 14-.91 0 . 7 9 6 . 2 Pos .
p - C h l o r o t o l u e n e f a )C o n t r o l 1 .5 8 2 - 5 5 .62 P o s .
p - C h l o r o t o l u e n e No. 106 0 . 7 5 1 .2 2 .61 P o s .
m - C h l o r o t o l u e n e No. 112 Not A na ly zed ------- ------- P o s .
( a )  I r r a d i a t i o n  o f  pure s u b s t r a t e .  No t h i o l  p r e s e n t .
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h a l o g e n o t o l u e n e  i n  a  w eak ly  b a s i c  aqueous  medium by r e f l u x i n g  f o r  f i v e  
o r  s i x  h o u r s .  The a c i d  was i s o l a t e d  i n  t h e  u s u a l  manner and r e c r y s t a l ­
l i z e d  from e t h a n o l / w a t e r .
p - N i t r o t o l u e n e
Ampules c o n t a i n i n g  p - n i t r o t o l u e n e  ( M a th es o n ,  Coleman, and B e l l  
r e a g e n t  g r a d e ;  r e c r y s t a l l i z e d )  were  opened and r i n s e d  w i t h  p e n t a n e  i n t o  
a  f l a s k  c o n t a i n i n g  a w e ighed  amount o f  p - n i t r o t o l u e n e  a s  d i l u e n t .  The 
t h i o l  was removed by d i s t i l l a t i o n  and  used  t o  p r e p a r e  th e  t h i o e s t e r .
The r e s i d u e  was r e c o v e r e d  by e x t r a c t i n g  w i t h  p e n t a n e ,  and t h e  p e n t a n e  
was  e v a p o r a t e d  on t h e  s t ea m  b a t h .  The p - n i t r o t o l u e n e  was r e c r y s t a l l i z e d  
and  c o u n t e d .
p - N i t r o t o l u e n e  h a s  t h e  u n f o r t u n a t e  p r o p e r t y  o f  e x h i b i t i n g  a  g r e a t  
amount  o f  q u e n c h in g  i n  l i q u i d  s c i n t i l l a t i o n  c o u n t i n g .  T h i s  made i t  im­
p o s s i b l e  t o  c o u n t  more t h a n  a b o u t  20  m g . , and c o n s e q u e n t l y  t h e  a c t i v i t y  
o n l y  amounted to  a b o u t  1+0-50 CPM. A l th o u g h  t h i s  e x t r e m e l y  low l e v e l  
o f  a c t i v i t y  would a l l o w  a  f a i r  e s t i m a t e  a s  t o  t h e  t o t a l  a c t i v i t y  o f  t h e  
compound, i t  would n o t  p e r m i t  a n  a c c u r a t e  enough m easurem ent  o f  the  
a c t i v i t y  i n  t h e  s i d e  c h a i n .  T h i s  q u a n t i t y  i s  d e t e r m i n e d  a s  t h e  d i f ­
f e r e n c e  i n  a c t i v i t i e s  o f  t h e  p - n i t r o t o l u e n e  and i t s  a c i d ,  w h ich  i s  
a l s o  a  v e r y  s t r o n g  q u e n c h e r .  T h e r e f o r e ,  i t  was d e c i d e d  t h a t  a t t e m p t s  
t o  d e t e r m i n e  t h i s  q u a n t i t y  would be f r u i t l e s s ,  and so none were  made.
M e th y l  p - T o l u a t e
M e th y l  p - t o l u a t e  was made from p - t o l u i c  a c i d  (Cowles Chem ica l  C o . )  
v i a  t h e  a c i d  c h l o r i d e .  50 g .  o f  p - t o l u i c  a c i d  (O .368  m o le s )  was r e ­
f l u x e d  i n  20  m l .  o f  p y r i d i n e  w i t h  Vf g .  ( 0 . 4 0 0  m o le s )  o f  t h i o n y l  
c h l o r i d e  f o r  one and o n e - h a l f  h o u r s .  The m i x t u r e  was c o o l e d ,  32 ml .  
( 0 .8 0 0  m o le s )  o f  m e th a n o l  i n  m l .  o f  p y r i d i n e  was added s l o w l y  w i t h
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s t i r r i n g ,  and  t h i s  s o l u t i o n  was r e f l u x e d  f o r  a n  h o u r .  D i l u t e  b a se  and 
e t h e r  w ere  added  t o  t h e  c o o l  r e a c t i o n  m i x t u r e ,  t h e  l a y e r s  were  s e p a r a t e d ,  
and  t h e  aq u eo u s  l a y e r  was e x t r a c t e d  t h r e e  a d d i t i o n a l  t i m e s  w i t h  e t h e r .
The combined e x t r a c t s  w ere  washed t h r e e  t im e s  w i t h  b a s e ,  tw ic e  w i t h  d i ­
l u t e  HC1, and  tw i c e  w i t h  5 p e r c e n t  sodium c a r b o n a t e ,  and  t h e n  d r i e d  
o v e r  sodium c a r b o n a t e .  The e t h e r  was removed on th e  s team  b a t h ,  and 
t h e  p r o d u c t  d i s t i l l e d .  B . p .  l l 4 - 1 1 5 ° / 2 0  mm.; l i t e r a t u r e 3 r e p o r t s  217°•
A s p e c t r u m  o b t a i n e d  by n u c l e a r  m a g n e t i c  r e s o n a n c e  c o n f i r m e d  t h e  
s t r u c t u r e .  The s p e c t r u m  showed a  s h a r p  t h r e e - p r o t o n  s i n g l e t  a t  3*75 ppm. 
( d o w n f i e l d  from TMS) c o r r e s p o n d i n g  t o  t h e  m e th y l  g roup o f  t h e  e s t e r .  A 
somewhat b r o a d e r  t h r e e - p r o t o n  s i n g l e t  w i t h  t h e  b e a t  p a t t e r n  c h a r a c t e r ­
i s t i c  o f  a r o m a t i c  m e th y l  g ro u p s  was o b s e r v e d  a t  2 . 2 9  ppm. A p a i r  o f  
d o u b l e t s ,  e ach  r e p r e s e n t i n g  two p r o t o n s ,  were  n o t e d  i n  t h e  a r o m a t i c  
r e g i o n  a t  7*08 ar*d 7*79 ppm. , r e s p e c t i v e l y .  T h i s  type  o f  s y m m e t r i c a l  
AA^BB* p a t t e r n  i s  c h a r a c t e r i s t i c  o f  a  p - s u b s t i t u t e d  a r o m a t i c .
F o r  p u r p o s e s  o f  c o m p a r i s o n ,  t h e  l i t e r a t u r e 12  r e p o r t s  a  c h e m i c a l  
s h i f t  o f  2 -3 2  ppm. f o r  t h e  m e th y l  g roup  on t o l u e n e ,  and 2 .2 6  ppm. f o r  
t h e  r i n g  m e th y l  g roup  o f  p - m e t h o x y t o l u e n e . p - M e th o x y to lu e n e  e x h i b i t s  
t h e  p a i r  o f  d o u b l e t s  i n  t h e  a r o m a t i c  r e g i o n  somewhat c l o s e r  t o g e t h e r  
a t  6 . 7 7  a n d 7 .0 8  ppm . ,  r e s p e c t i v e l y .  The m e th y l  g roup  o f  t h e  m e th y l  
e s t e r  o f  c y a n o a c e t i c  a c i d  h a s  a  c h e m i c a l  s h i f t  v a l u e  o f  3*82  ppm.
I n  t h e  k i n e t i c  r u n s ,  t h i o l  was s e p a r a t e d  from th e  d i l u t e d  e s t e r  
by d i s t i l l a t i o n  th r o u g h  a  s h o r t - p a t h  (no column) d i s t i l l a t i o n  a p p a r a t u s  
a t  220 mm. The t h i o l  was c o l l e c t e d  and used  t o  p r e p a r e  t h e  t h i o e s t e r ,  
and t h e  d i s t i l l a t i o n  was resumed a t  a  low er  p r e s s u r e .  B o i l i n g  p o i n t  . 
o f  t h e  e s t e r  was 1 2 1 ° /^ 0  mm. The e s t e r  was washed t h r e e  t im e s  w i t h  d i ­
l u t e  b a s e .
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In  o r d e r  t o  remove any  a c t i v i t y  i n  t h e  m e th y l  group o f  t h e  e s t e r ,  
i t  was s a p o n i f i e d  t o  p - t o l u i c  a c i d  b e f o r e  c o u n t i n g .  In  o r d e r  to  do 
t h i s ,  a  s o l u t i o n  was p r e p a r e d  by d i s s o l v i n g  U g .  o f  c l e a n  sodium in  
125 m l .  o f  e t h a n o l ,  and th e n  a d d i n g  12 m l .  o f  w a t e r .  30 m l . o f  t h i s  
s o l u t i o n  was poured  i n t o  a  b o i l i n g  f l a s k ,  and 3*5 m l .  o f  t h e  m e thy l  
p - t o l u a t e  was added  a l o n g  w i th  an a d d i t i o n a l  amount o f  e t h a n o l  (50  m l . )  
and w a t e r  (30 m l . ) .  The r e a c t i o n  m i x t u r e  was r e f l u x e d  f o r  two h o u r s ,  
and most o f  the  s o l v e n t  was removed by d i s t i l l a t i o n .  The r e s i d u e  was 
c o o l e d ,  a c i d i f i e d ,  and f i l t e r e d ,  and t h e  p - t o l u i c  a c i d  was r e c r y s t a l ­
l i z e d  from e t h a n o l / w a t e r .  M . p . ,  I 7 8 - 90 ; l i t e r a t u r e 3 r e p o r t s  179"80° .
P a r t  o f  t h i s  p r o d u c t  was o x i d i z e d  in  b a s i c  pe rm angana te  t o  t e r e ­
p h t h a l i c  a c i d .  Two g .  o f  p - t o l u i c  a c i d  ( l U .7  mmoles) and k ,6  g .  o f  
KMn(>4 (,29.k mmoles) were r e f l u x e d  f o r  f o u r  h o u r s  i n  50 ml .  o f  w a t e r  
which  c o n t a i n e d  one ml.  o f  d i l u t e  b a s e .  The s o l u t i o n  was c o o l e d ,  
f i l t e r e d ,  a c i d i f i e d ,  and t h e  c ru d e  a c i d  wa3 washed t h o r o u g h l y  w i th  
e t h a n o l  and w a t e r .  The d i m e t h y l  e s t e r  was p r e p a r e d  e x a c t l y  a s  p r e ­
v i o u s l y  d e s c r i b e d  in  t h e  s e c t i o n  on p - x y l e n e .
A g r e a t  d e a l  o f  c a r e  was t a k e n  to  see  t h a t  b o th  th e  a c i d  and d i ­
m e thy l  e s t e r  r e a c h e d  c o n s t a n t  a c t i v i t y  s i n c e  o n ly  a  sm a l l  p e r c e n t a g e  
o f  t h e  a c t i v i t y  was t o  be found i n  t h e  a r o m a t i c  m e thy l  g ro u p .  Three  
and somet imes  f o u r  r e c r y s t a l l i z a t i o n s  were n e c e s s a r y  a s  the  d a t a  in  
T a b le  IX show. Due t o  t h e  o b v io u s  u n c e r t a i n t y  t h a t  e x i s t e d  i n  the  
num bers ,  an  a v e r a g e  v a l u e  o f  t h e  l a s t  two r e c r y s t a l l i z a t i o n s  was ta k en  
a s  t h e  a c t u a l  v a l u e  i n  t h e  c o m p u ta t i o n s  t h a t  f o l l o w e d .
Because  o f  e x p e r i m e n t a l  d i f f i c u l t i e s ,  o n ly  two p o i n t s  on th e  u s u a l  
g raph  ( s e e  R e s u l t s  and D i s c u s s i o n  s e c t i o n )  were  o b t a i n e d .  The t o t a l  
and r i n g  s p e c i f i c  a c t i v i t i e s  were  known t o  w i t h i n  a  few p e r c e n t ,  b u t
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TABLE IX
SPECIFIC ACTIVITIES OF p-TOLUIC ACIDS AND 
DIMETHYL TEREPHTHALATES FROM THE KINETIC RUNS WITH METHYL p-TOLUATE
S p e c i f i c  A c t i v i t y  a f t e r  Each R e c r y s t a l l i z a t i o n  
____________ ( DPM/mole x 10~e )________ A c tu a  1 \
C---------------J T U i____1Sample Compound F i r s t Second T h i r d F o u r t h V alue
121 Ac id 1 .8 6 7 1 .8 3 9 1 .851 1 .8 6 3 1 .8 5 7
122 Ac id 2 .1 6 8 2 .1 5 6 2 . 2 0 2 2 . 1 8 7 2 . 1 9 4
121 E s t e r 1 .6 6 3 1 .6 2 8 1 .714 1 .765 1*759
122 E s t e r 1 .911 1 .960 2 .014 1-975 1 .9 9 5
( a )  A ve rage  o f  l a s t  two s p e c i f i c  a c t i v i t i e s .  T h i s  v a l u e  was u sed  i n  
f u r t h e r  c o m p u t a t i o n s .
10k
th e  s i d e  c h a in  a c t i v i t i e s  were s u b j e c t  to  b i g  e r r o r s  s i n c e  t h e i r  v a l u e s  
were o b ta in ed  a s  the d i f f e r e n c e  o f  two l a r g e  numbers (Table  x ) .  There­
f o r e ,  the  p l o t  f o r  the s i d e  c h a in  a c t i v i t y  was made w ith  some a p p r o x i ­
m at ions  .
The k i n e t i c  a n a l y s i s  r e q u i r e s  t h a t  th e  i n t e r c e p t s  o f  the three  
graphs fo r  t o t a l ,  r i n g ,  and s i d e  cha in  a c t i v i t i e s  be e q u a l .  I t  was 
found e x p e r i m e n t a l l y  t h a t  a l l  arom atic  compounds s t u d ie d  behaved in  
t h i s  manner, w i t h i n  e x p e r im e n ta l  e r r o r .  The p l o t s  for  t o t a l  and r i n g  
a c t i v i t y  o f  methyl p - t o l u a t e  had e s s e n t i a l l y  th e  same i n t e r c e p t ,  and 
s o  t h i s  p o i n t  was f i x e d  on the  p l o t  o f  s i d e  c h a in  a c t i v i t y .  A s t r a i g h t  
l i n e  was c o n s t r u c t e d  from the f i x e d  i n t e r c e p t  to  in c lu d e  the  two e x p e r i ­
mental  p o i n t s ,  and an e s t i m a t e  o f  th e  c o r r e c t  s l o p e  was o b ta in ed  in  t h i s  
manner.
Benzene
Benzene (Matheson, Coleman, and B e l l  s p e c t r o  q u a l i t y  r e a g e n t )  
samples  were t r e a t e d  in  a manner a n a lagou s  to  the  low b o i l i n g  a l i p h a t i c  
h yd rocarb on s .  The ampules were opened,  d i l u t e d  w i th  a sm a l l  amount o f  
b e n z e n e ,  and s e p a r a t e d  v o l u m e t r i c a l l y  i n t o  two p a r t s .  About one ml.  
was used to  prepare  the t h i o e s t e r ,  and th e  r e s t  was r e d i l u t e d ,  washed,  
and d i s t i l l e d .
ANALYSIS OF THE DATA
In each run,  two p i e c e s  o f  e x p e r im en ta l  data  were o b t a in e d :  the
molar s p e c i f i c  a c t i v i t y  o f  th e  s u b s t r a t e ,  A , and o f  the  t h i o l  a l k y l  
group,  ^ ^ y l *  Three o t h e r  v a r i a b l e  parameters  were known b e f o r e  th e .  
c o n t e n t s  o f  each ampule were a n a ly zed :  the  mole r a t i o  o f  t h i o l  to  sub­
s t r a t e ,  (RSh )o /(QH)q » th e  i n i t i a l  molar s p e c i f i c  a c t i v i t y  o f  the  t h i o l
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TABLE X
METHYL p-TOLUATE TOTAL, RING, AND SIDE CHAIN 
SPECIFIC ACTIVITIES
___________S p e c i f i c  A c t i v i t y  (DPM/mole x 10~a )___________
Sample  T o t a l  R in g  S id e  C ha in
121 1.857 ± .006 1.739 ± -025 .118 ± .026
122 2 . 19  ^ ± .008 1.993 ± .020 .180 ± .022
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a t  th e  S-H bond (which i s  assumed c o n s t a n t  due to  low c o n v e r s i o n s ) ,  
and the  time o f  i r r a d i a t i o n ,  t .  These q u a n t i t i e s  make up the  
l e f t  s i d e  o f  the k i n e t i c  e q u a t io n  ( s e e  R e s u l t s  and D i s c u s s i o n  s e c t i o n )  
which w i l l  be c a l l e d  L and i s  w r i t t e n  below:
L .  ( W C 2 H) q  t  ( l l )
QH Th
For i n c o r p o r a t i o n  o f  a c t i v i t y  i n t o  th e  t h i o l  a l k y l  group,  i n  the
e q u a t i o n  d e f i n i n g  L i s  s im ply  r e p la c e d  by ^ Q ^ y ] /
Values  o f  L were p l o t t e d  a g a i n s t  the  mole r a t i o  o f  t h i o l  t o  sub­
s t r a t e  (which w i l l  be c a l l e d  R) to  o b t a in  the  graphs which y i e l d e d  the  
r e l a t i v e  r a t e  c o n s t a n t s .
R -  ( l 2 )
(QH)o
The q u a n t i t y  A (or  was determ ined  by measuring the a c t i ­
v i t y  o f  QH ( o r  the  t h i o l  a l k y l  group)  in  CPM, and c o n v e r t i n g  t h i s  to  
DPM by u s i n g  the e f f i c i e n c y  o b t a in e d  from the quenching e q u a t i o n .  T h is  
r e q u ir e d  knowing the AES v a lu e  fo r  the sample a s  w e l l  a s  i t s  a c t i v i t y  
i n  CPM. The c a l c u l a t e d  a c t i v i t y  i n  DPM was put on a molar b a s i s  upon 
d i v i d i n g  by the  amount o f  sample ( i n  g ram s) ,  and m u l t i p l y i n g  by the  
m o le c u la r  w e i g h t .  S in c e  a l l  s u b s t r a t e s  were d i l u t e d ,  the  molar s p e c i f i c  
a c t i v i t y  was m u l t i p l i e d  by a d i l u t i o n  f a c t o r  t o  g e t  A .
P l o t s  o f  L v e r s u s  R were l i n e a r ,  and so the b e s t  s t r a i g h t  l i n e  
was o b ta in e d  by the  method o f  l e a s t  s q u a r e s .  The v a l u e s  o f  the  s lo p e  
and i n t e r c e p t  o f  each l i n e  were determined from s t a t i s t i c a l  formulae  
summarized by Snedecor1 3 . To be c o n s i s t e n t  w i th  h i s  n o m en c la tu re ,  the  
l i n e a r  e q u a t io n  w i l l  be c a l l e d
Y -  a  + bX ( 1 3 )
where Y r e p r e s e n t s  v a l u e s  o f  L and X r e p r e s e n t s  v a l u e s  o f  R. In  order
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t o  c a l c u l a t e  t h e  s l o p e  and i n t e r c e p t ,  and  t h e i r  s t a n d a r d  d e v i a t i o n s ,  
t h e  f o l l o w i n g  q u a n t i t i e s  must f i r s t  be d e f i n e d :
E x2  = EX2 -  —( E x ) 2  ( U )
Cl
Exy = EXY - -EXEY (1 5 )n
Ed2  = E y2  -  ( E x y ) 2 / E x 2  ( 1 6 )
S = [E d 2 / ( n  -  2 ) ] ^  ( 1 7 )yx
H e r e ,  X and Y r e p r e s e n t  t h e  e x p e r i m e n t a l  v a l u e s  o f  X and Y, n i s  t h e  
number o f  s a m p l e s ,  and d i s  t h e  d e v i a t i o n  o f  t h e  Y - v a l u e s  from t h e  
l e a s t  s q u a r e s  l i n e  i n  t h e  y - d i r e c t i o n .
The s l o p e ,  b ,  i s  c a l c u l a t e d  a s
b * E x y /E x 2  (1 8 )
and t h e  i n t e r c e p t  i s
a  * y x ( E x y /E x 2 ) (1 9 )
w here  y and  x a r e  t h e  a v e r a g e  v a l u e s  o f  Y and Xi t h a t  i s :
y = EY/n (2 0 )
x  -  EX/n (2 1 )
The s t a n d a r d  d e v i a t i o n  i n  t h e  s l o p e  i s
Sfa -  S ^ / t E x 2 ) ^  ( 2 2 )
and t h e  s t a n d a r d  d e v i a t i o n  i n  t h e  i n t e r c e p t  i s
S « S ( l / n  +  x 2 / E x 2 )^  (2 3 )a  y x
I n  t h e  R e s u l t s  and  D i s c u s s i o n  s e c t i o n ,  v a l u e s  o f  t h e  s l o p e  and i n ­
t e r c e p t  g i v e n  w ere  d e t e r m i n e d  i n  t h i s  m a n n e r ,  and  t h e  e r r o r  q u o te d  f o r  
e a c h  r e s u l t  i s  i t s  s t a n d a r d  d e v i a t i o n .
Much o f  t h e  i n i t i a l  d a t a  was c a l c u l a t e d  by h a n d ,  b u t  l a t e r  i t  was 
punched  o n to  IBM c a r d s  and  c a l c u l a t e d  by t h e  IBM 70^0 Com pu te r .  The 
p rog ram  f o r  t h e s e  c a l c u l a t i o n s  was d e v e l o p e d  by Mr. Henry  S t r e i f f e r  o f
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t h i s  D e p a r t m e n t .  The d a t a  were  s t a c k e d  a f t e r  t h e  " e n t r y  c a r d "  i n  th e  
p ro g ram  in  t h i s  o r d e r :
I .  A " h e a d e r  c a r d "  g i v i n g  t h e  d a t e  on which  t h e  q u e n c h in g  
d a t a  w h ich  f o l l o w  were  r e c o r d e d .
I I .  A c a r d  to  c o r r e c t  t h e  t r i t i u m  s t a n d a r d s  f o r  a g i n g  ( i n  
t h e  f i r s t  t e n  c o l u m n s ) .
I I I .  A s e r i e s  o f  c a r d s  c o n t a i n i n g  v a l u e s  o f  t h e  o b s e r v e d  e f ­
f i c i e n c y  ( f i r s t  t e n  co lum ns)  and  t h e  AES v a l u e s  ( s e c o n d  
t e n  c o lu m n s ) .
IV. A c a r d  w i t h  "1 "  i n  column 21 t o  t e l l  t h e  com pu te r  t o  e x e ­
c u t e  t h e  l e a s t - s q u a r e s  c a l c u l a t i o n  o f  t h e  q u e n c h in g  c u r v e .
V. A " h e a d e r  c a r d "  t i t l i n g  t h e  d a t a  t o  f o l l o w .
V I.  The m o l e c u l a r  w e i g h t  o f  t h e  s u b s t r a t e  ( f i r s t  t e n  c o lu m n s ) .
V I I .  A s e r i e s  o f  c a r d s  g i v i n g  t h e  raw d a t a  f o r  t h e  s u b s t r a t e .  
S p a c i n g  o f  t h e  e i g h t  d i f f e r e n t  p i e c e s  o f  d a t a  i s  a s  f o l ­
low s :  t h e  sample  number (co lum ns  1 - 1 0 ,  r i g h t - j u s t i f i e d ) ;
amount c o u n te d  i n  grams (1 1 -  2 0 ) ;  CPM ( 2 1 - 5 0 ) ;  AES ( 3 1 - ^ 0 ) ;  
d i l u t i o n  f a c t o r  ( 4 1 - 5 0 ) ;  A°^ ( 51 - 6 0 ) ;  R ( 6 1 - 7 0 ) ;  and t  
( 71- 8 0 ).
V I I I .  A c a r d  w i t h  a  -1  i n  columns 9  a n d 10 t o  t e l l  t h e  com pute r
t o  e x e c u t e  t h e  v a r i o u s  c o m p u t a t i o n s  l e a d i n g  to  and  i n c l u d i n g  
a  l e a s t - s q u a r e s  c a l c u l a t i o n .
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CHAPTER IV 
APPENDIX
T h i s  s e c t i o n  sum m ar izes  a l l  t h e  d a t a  c o l l e c t e d  f o r  e ach  s u b s t r a t e  
i n  b o th  t a b l e  and  g r a p h i c  fo rm .  The u p p e r  h a l f  o f  e ac h  t a b l e  l i s t s  
c o n d i t i o n s  u n d e r  w h ich  e a c h  r u n  was c o n d u c t e d .  T h i s  c o n s i s t s  o f  t h e  
m o la r  c o n c e n t r a t i o n s  o f  t h i o l  and  s u b s t r a t e ,  t h e  t ime o f  i r r a d i a t i o n ,  
t h e  i n i t i a l  m o la r  s p e c i f i c  a c t i v i t y  o f  t h e  t h i o l ,  and t h e  mole r a t i o  
o f  t h i o l  t o  s u b s t r a t e .
The r e s u l t a n t  s p e c i f i c  a c t i v i t i e s  a r e  r e c o r d e d  i n  t h e  low er  h a l f  
o f  t h e  t a b l e ,  a l o n g  w i t h  t h e  c a l c u l a t e d  v a l u e s  o f  t h e  l e f t  hand s i d e  
o f  t h e  k i n e t i c  r e l a t i o n s h i p  ( s e e  R e s u l t s  and  D i s c u s s i o n  s e c t i o n ,  e q u a ­
t i o n  1? ) .
The d a t a  summarized  I n  any  t a b l e  a r e  used t o  c o n s t r u c t  t h e  g rap h s  
w hich  im m e d i a t e l y  f o l l o w  i t .  The t a b l e  i s  i d e n t i f i e d  w i t h  a  Roman 
n u m e r a l ,  and  t h e  g r a p h s  a r e  g i v e n  t h e  c o r r e s p o n d i n g  A r a b i c  n um era l  and 
t h e  l e t t e r  " a "  o r  " b " . T h u s ,  f o r  e x a m p l e ,  F i g u r e s  l a  and  l b  f o l l o w  
T a b l e  I .
With  t h e  e x c e p t i o n  o f  t h e  f i r s t  t h r e e  t a b l e s ,  a l l  r e s u l t s  a r e  from 
e x p e r i m e n t s  w i t h  p r o p a n e t h i o l - t  a t  3000A w i t h  v a r i o u s  s u b s t r a t e s  (QH). 
Each  t a b l e  a f t e r  t h e  f i r s t  t h r e e  i s  f o l l o w e d  by a  f i g u r e  l e t t e r e d  " a "  
w h ich  e x h i b i t s  a  p l o t  o f  t h e  k i n e t i c  r e l a t i o n s h i p  f o r  a c t i v i t y  i n c o r ­
p o r a t e d  i n t o  QH. A n o t h e r  f i g u r e  l e t t e r e d  "b"  p l o t s  t h e  r e l a t i o n  f o r  
a c t i v i t y  i n c o r p o r a t e d  i n t o  t h e  t h i o l  a l k y l  g r o u p .  I f  QH i s  an  a l k y l -  
s u b s t i t u t e d  a r o m a t i c ,  t h e  f i r s t  o f  t h e  two g r a p h s  g i v e s  p l o t s  f o r  t o t a l ,  
r i n g ,  and s i d e  c h a i n  a c t i v i t i e s .
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T a b l e  I  shows d a t a  f o r  t h e  p a i r  t o l u e n e / t h i o p h e n o l - t  a t  2537^  
and  7 0 ° •  F i g u r e  l a  p l o t s  t h e  t o t a l  a c t i v i t y  i n c o r p o r a t e d  i n t o  t o l u e n e ,  
and  F i g u r e  l b  g i v e s  p l o t s  f o r  t o l u e n e  r i n g  and s i d e  c h a i n  a c t i v i t i e s .  
T o l u e n e  i n  t h i o p h e n o l - t  was i r r a d i a t e d  a t  350oA. and  U 0 ° , and t h e  re*  
s u i t s  a r e  l i s t e d  i n  T a b le  I I .  The r i n g  a c t i v i t i e s  o f  t o l u e n e  and 
t h i o p h e n o l  a r e  p l o t t e d  i n  F i g u r e s  2a and  2 b ,  r e s p e c t i v e l y .  T a b l e  I I I  
sum m arizes  d a t a  f o r  p r o p a n e t h i o l - t  i r r a d i a t e d  a t  3500k and  U0°  w here  
QH was t o l u e n e .  T h r ee  p l o t s  f o r  t h e  t o t a l ,  r i n g ,  and s i d e  c h a i n  a c t i ­
v i t i e s  o f  t o l u e n e  a r e  g i v e n  i n  F i g u r e  3a » a n d t h e  t h i o l  a l k y l  g ro u p  
a c t i v i t y  i s  p l o t t e d  i n  F i g u r e  3b*
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TABLE 1 
QH IS TOLUENE; 25 57&; 70°
CONDITIONS
No.
(PhSH)o 
( m o l e s / 1 )
(QH)o 
( m o l e s / l )
t
( s e c . x l O -4
A?h
(DPM/mole (phSH)n 
) x l O ' 1 0 ) (QH)q
3 4 . 8 2 4 . 6 7 2 .1 6 .110 1 . 0 3
4 6 . 3 9 3 .1 4 2 .1 6 .110 2 .0 3
5 8 .9 6 O .7 7 2 . 1 6 .110 1 1 .6
6 8 .1 2 1.3U 2 .1 6 .087 6 .0 6
7 8 . 4 8 1 -17 2 . 1 6 .087 7 .2 8
8 7*75 1 .8 2 2 . 1 6 .087 4 . 2 6
9 7 . 1 9 2 . 4 5 2 .1 6 .087 2 . 9 3
18 1*57 7 . 7 7 2 . 1 6 1 .6 2 2 0 .2 0
19 3 .1 2 6 . 3 ^ 2 .1 6 1 .6 2 2 0 . 4 9
20 6 . 7 9 2 . 7 9 2 . 1 6 1 .6 2 2 2 . 4 3
21 8 . 0 4 1 .6 2 2 .1 6 1 .6 2 2 4 . 9 6
RESULTS
No.
A
(DPM/mole
x lO - 7 )
( P h S H )n / ( OH)n ,
A/A°h 
( s e c . x l O " 7 )
A (PhSH)0 / (Q H )0 
(DFM/mole A/A^h 
No. x lO - 7 ) ( s e c . x l O - 7 )
T o lu en e  - T o t a l A c t i v i t y : T o lu en e - R ing  A c t i v i t y :
3 .712 . 3 4 3 18 9 . 2 3 .076
4 .618 •783 19 10 .42 .1 6 6
5 .817 3-375 20 7 . U 1 .2 0 0
6 .665 1 .7 1 4 21 8 .6 0 2 .0 1 9
7 • 592 2 .3 2 2 T o lu en e - S id e  C h a in  A c t i v i t y :
8 .644 1 .2 4 9 18 1 .7 6 .400
9 .465 1 .1 8 7 19 2 . 5 ^ .675
18 1 0 .9 9 .064 20 3-71 2 .2 9 7
19 1 2 .9 6 • 133 21 3 .6 9 4 .6 9 6
20 1 0 .8 2 .788
21 1 2 .2 9 1 .4 1 2
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FIGURE l a .  QH i s  t o l u e n e ;  t h i o l  i s  t h i o p h e n o l ;  2537^> 
7 0 ° .  T o t a l  a c t i v i t y ;  s l o p e  ■ ( 2 . 8 7  ±  . 1 2 )  x  10s  s e c .
1 2 3 4 5
(PhSH)0 / (Q H )0
FIGURE l b .  QH i s  t o l u e n e ;  t h i o l  i s  t h i o p h e n o l ;  2537^-1 
7 0 ° .  ■ R ing  a c t i v i t y ;  s l o p e  = (^-.17 *  *36) x  10® s e c .  
#  S id e  c h a i n  a c t i v i t y ;  s l o p e  ■ ( 8 .9 8  ± .2 5 )  x 10® s e c .
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TABLE I I  
QH IS TOLUENE: 350pJU 40°
CONDITIONS
No.
(PhSH)o 
( m o l e s / 1)
(QH)o
( m o l e s / l )
t
( s e c . x l 0 “4 )
Ath
(DFM/mole
x lO " 1 0 )
( PhSK )r> 
(_QH)o
22 8 .0 2 1 -5 3 8 . 6 4 • 93^ 5 -2 3
23 6 - 5 4 3 .1 2 8 . 6 4 .93^ 2 .1 0
24 4 . 8 2 4 . 6 9 8 . 6 4 .93^ 1 .0 3
25 1 .6 1 7 .8 2 8 . 6 4 .93^ .206
26 8 . 9 3 .79 8 . 6 4 2 .0 1 U - 3 3
27 7 -5 5 2 .0 8 8 . 6 4 2 .0 1 3 -6 3
RESULTS
No.
A
(DFM/mole
x l O - 7 )
(FhSH)0 /(QH)0
A/A^h C
( s e c . x l O " 7 )
A
(DPM/mole
x lO “7 )
(PhSH ),-,/( QH )n , 
A/Afch '  
( s e c . x l 0 ~ 7 )
T o lu e n e - R ing  A c t i v i t y : T h i o l  - R in g  A c t i v i t y :
22 .060 702 1 .3 8 3 0 .5
23 .0 29 576 -78 2 1 . 7
24 .0 2 3 360 •13 1 1 .4
25 .021 79-5 2 .0 1 -83
26 .056 3530 1 .4 3 137-5
27 .043 1460 1 .7 0 3 6 .9 8
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FIGURE 2 a .  QH i s  t o l u e n e ;  t h i o l  i s  t h i o p h e n o l ;  3500A; 
U0°.  S l o p e  * ( 3 . 1 1  ± . 1 5 )  x  10® s e c .  R ing  a c t i v i t y .
2 4 6 8 10
(PhSH)o/(Q H )0
FIGURE 2 b .  T h i o p h e n o l  r i n g  a c t i v i t y  v s .  t o l u e n e ;  
3 5 0 0 il; kQ°. S l o p e  = ( 1 2 . 3 2  ±  . ^ 5 )  x  107  s e c .
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TABLE I I I  
QH IS TOLUENE; 35QoJU 40°
CONDITIONS
No.
(PrSH)o 
( m o l e s / 1 )
(QH)o
( m o l e s / 1)
t
( s e c . x l O " 4 )
Ath  
(DFM/mole 
x lO "1 0 )
(PrSH)n
(QH)q
28 5-65 6 .2 7 17 .28 1-555 0 . 5 8
29 1 0 .0 0 . 7 7 17-05 1 .616 1 5 .0
50 9-61 1 .2 4 17 .28 1 .404 7*75
51 8 -7 9 1 .9 6 17 .28 1 .404 4 . 4 8
52 6 . 9 5 5 .47 1 7 .2 8 1 .404 1 .9 9
RESULTS
No.
A ( P r S H W ( Q H ) 0 
(DPM/mole A/ A°h  
x lO - 7 ) ( s e c . x l O - 7 )
A
(DPM/mole
x lO "7 )
(PrSH)0 /(QH)0
A / A ^
( s e c . x l O “7 )
To lu en e - T o t a l  A c t i v i t y I T h i o l  A lk y l Group A c t i v i t y :
28 .510 5 0 .3 •837 18.25
29 .624 5 7 5 .5 .672 5 52 .1
50 • 752 2 5 6 .8 .672 2 8 0 .1
51 1 .0 4 9 1 0 3 .7 •972 1 1 1 .8
52 . 97k 4 9 .5 .927 52 .1
T o luene - R ing  A c t i v i t y : T o lu en e  - S id e  Chain  A c t i v i t y
28 .025 613 .485 51.  T
29 .044 8032 • 579 617
50 .029 6350 .702 268
51 .024 4524 1 .025 106
52 .023 2123 •952 5 0 .7
119
120
5
- 9 0
EC
2 3 60
30
1
161284
(P rSH )0 /<QH)o
FIGURE 3 a .  qH i s  t o l u e n e ;  3 5 0 0 l ;  4 0 ° .  k  T o t a l  a c t i ­
v i t y .  ■ R ing  a c t i v i t y .  #  S i d e  c h a i n  a c t i v i t y  ( r e a d  
r i g h t  o r d i n a t e ) .
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FIGURE 3b.  T h i o l  a l k y l  g roup  v s .  t o l u e n e ;  3500^1 ^ 0 ° .
121
TABLE IV 
QH IS TOLUENE; 30QoJL 40°
CONDITIONS
-No. (
(PrSH)o 
m o l e s / 1 )
(QH)o
( m o l e s / l )
t
( s e c . x l O " 4 )
(DPM/mole (PrSH)n 
xlO*1 0 ) ( q h )q
37 9 .0 6 1 . 5 6 4- 3 2 3 -277  5 .8 1
38 9 . 8 3 O .9 8 4 • 32 3 .2 7 7  1 0 .0 2
39 7 .2 8 3 . 1 3 4 .3 2 3 .2 7 7  2 . 3 3
40 3 -8 4 6 .0 5 k^ 3 2 3 .2 7 7  0 . 6 3
RESULTS
No.
A
(DPM/mole
x lO - 7 )
( P rS H ) n / ( 0 H ) n
A/A^h
( s e c . x l O " 7 )
t A (P rSH)o/(QH)o  (DPM/mole A/A^h 
x lO - 7 ) ( s e c . x l O * 7 )
T o lu e n e - T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
37 2 0 .6 7 3*982 8 .6 5 9 .5 1
38 2 1 . 4 4 6 .6 1 6 8 . 6 2 1 6 .4 9
39 1 5 .52 2 .1 2 5 7 . 7 1 4 . 2 8
40 1 2 .5 8 0 . 7 0 9 1 0 .3 6 0 . 8 6
T o lu e n e - R in g  A c t i v i t y : T o lu e n e - S id e  C h a in  A c t i v i t ’
37 1 7 .3 8 4 . 7 3 3 .2 9 2 5 . 0 0
38 1 8 .0 6 7 -8 5 3 . 3 8 4 1 . 9 8
39 1 2 .5 8 2 . 6 2 2 . 9 4 1 1 .2 2
40 9 . 9 4 0 . 8 9 7 2 . 6 4 3 . 3 8
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FIGURE 4 a .  QH i s  to lu e n e  ; JQQok', 4 0 ° .  A T o ta l  a c t i v i t y ;  
s lo p e  = ( .629  i  *0 1 3 ) x 107 s e c .  *  Ring a c t i v i t y ;  s lo p e  * 
( . j 4 0  ±  .0 1 3 )  x  107 s e c .  •  S id e  c h a in  a c t i v i t y  (read  
r i g h t  o r d i n a t e ) ;  s lo p e  = ( 4 . 1 1  ± . 0 8 ) x 107 s e c .
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FIGURE 4b. Thiol aikyl group vs. toluene; 3000^ -i 40°.
Slope * (1.66 ± .03) x 107 sec.
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table V
QH IS ETHYLBENZENE; 3000&: 40°
CONDITIONS
No.
(PrSH)o 
( m o l e s / 1 )
(QH)o
( m o l e s / l )
t
( s e c . x l O - 4 )
* t h  
(DPM/mole 
x lO -1 0 )
(PrSH)n
(QH)o
49 3 .51 5 -4 6 4 . 3 2 1 .9 6 0 0 . 6 4
51 8 . 5 9 1 .6 8 4 . 3 2 2 . 0 4 4 5 .1 2
56 7*36 2 . 6 7 4 . 3 2 1 .3 4 2 2 . 7 6
RESULTS
A
(DPM/mole 
No. x l 0 ~ T )
lPrSHW_(C}H)a
* / * ? „
( s e c . x l 0 "~)
(DPM/mole
x lO - 7 )
( * s S h W ( q h )0
A/A?h 1
( s e c . x l O  )
E t h y l b e n z e n e  * T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
49 1 8 .6 3 .291 5 . 4 8 0 . 9 9 0
51 3 6 .9 5 1 .2 2 4 4 . 0 9 1 1 .0 8
56 1 9 .0 3 .840 2 . 7 1 5 . 9 1
E t h y l b e n z e n e  -  R ing  A c t i v i t y : E t h y l b e n z e n e  - S id e  C h a in  A c t i v i
49 5 .5 6 • 974 1 3 .0 7 .415
51 8 -7 7 5 . 1 6 2 8 . 1 8 1 .6 0  6
56 4 . 9 4 3 . 2 4 1 4 .0 9 1 .1 3 7
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FIGURE 5 a .  QH i s  e t h y l b e n z e n e ;  3000A; 4 0 ° .  k T o t a l  
a c t i v i t y ;  s l o p e  = ( 2 . 0 7  ± *27) x 10s  s e c .  ■ R in g  a c t i ­
v i t y  ( r e a d  r i g h t  o r d i n a t e ) ;  s l o p e  = ( - 9 3 1  ± *0 7 3 ) x 107 
s e c .  •  S i d e  c h a i n  a c t i v i t y ;  s l o p e  * ( 2 . 6 5  *  * ^ l )  x 10s  
s e c .
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FIGURE 5b* Thiol alkyl group vs. ethylbenzene; 3000A;
U0°. Slope * (2.25 ± .04-) x 107 sec.
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TABLE VI 
QH IS  CUMENE; 3000A; 40°
CONDITIONS
No.
(PrSH)o
( m o l e s / 1 )
(QH)o 
( m o l e s / 1 )
At h
t  (DPM/mol 
( s e c . x l O - 4 ) x lO- 1 0 )
e (PrSH)o 
(QH)q
b$ 3*7b 4 . 7 3 4 . 5 0  2 . 8 7 4 0 -7 9
be 7 - 2 0 2 . 3 7 4 .32  2 .8 7 4 3 .0 4
b l 9 . 2 1 1 . 1 3 4 .1 4  2 .8 7 4 8 .1 5
48 8 . 3 6 1 . 6 7 4 •32 1 .960 5 .01
RESULTS
No.
A
(DPM/mole
x l O ' 7 )
( P r S H W ( Q H ) „
A/At h
( s e c . x l O " 7 )
t A (P rSH W (<JH )0 (DPM/mole A/A<£h 
x lO’ 7 ) ( s e c . x l O ' 7 )
Cumene - T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
45 7 5 -9 0 .155 8 .4 1 1 .21
be 135-86 .278 7 . 0 1 5-39
b l 165-59 .586 6 . 2 4 15 .56
48 106 .69 • 398 4 . 1 4 1 0 .24
Cumene - Ring A c t i v i t y : Cumene - S ide  C ha in  A c t i v i t y
45 2 0 . 6 3 .495 55-27 .185
be 4 8 . 1 9 .783 8 7 .6 7 •^31
47 5 0 .02 1 .9 4 4 1 1 5 . 5T .840
48 2 7 .2 1 1-559 7 9 . 4 8 • 53^
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FIGURE 6 a .  QH i s  cumene; 3000A; ^ 0 ° .  A T o t a l  a c t i v i t y ;  
s l o p e  = ( . 6 1 2  ± .009 )  x  10s  s e c .  ■ R ing  a c t i v i t y ;  s l o p e  ■ 
( 2 . 0 9  ± -50) x  10s  s e c .  #  S id e  c h a i n  a c t i v i t y ;  s l o p e  = 
( . 8 6 9  i  *0 6 5 ) x  106 s e c .
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FIGURE 6 b .  T h i o l  a l k y l  g roup  v s .  cumene; JOOoA.; l+O0 .
S lo p e  * (I.96 ± .03) x 10T s e c .
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TABLE V II  
QH IS  DIOXANE; 5000&; 40°
CONDITIONS
No.
(PrSH)o  
( m o l e s / 1 )
(QH)o 
( m o l e s / 1 )
t
( s e c . x l O - 4 )
Ath
(DPM/mole
x lO- 1 0 )
( PrSH)n 
(QHjo...
52 3*56 7 - 7 2 4 . 4 1 2 . 0 4 4 0 . 4 6
53 8 . 4 0 2 . 6 7 4 . 5 2 2 . 0 4 4 3 .15
54 9 -0 7 1 . 9 7 4 . 5 2 2 . 0 4 4 4 . 6 0
62 5 . 4 2 5 -8 2 4 . 5 2 1-952 0 . 9 3
RESULTS
No.
A
(DPM/mole
x l 0 ‘ 7 )
( P r S H W i Q H j o  
A/A?h 
( s e c . x l O “T )
A
(DPM/mole
x l 0 “7 )
(P rS H W jjQ H ja
, A M t h . y , ( s e c . x l O  7 )
D ioxane - T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
52 1 .6 0 9 2 - 5 8 8 . 0 5 0 . 5 1 5
53 2 . 6 2 0 10 .61 4 . 5 0 6 . 1 8
54 5-048 1 3 .3 3 4 . 0 2 1 0 .0 9
62 1 .4 2 5 5*51 4 . 4 5 1 .7 7
16
14
o
O'
O’
CO
52 3 41
(PtSH)o /(QH)0
FIGURE 7 a .  QH I s  d i o x a n e ;  JOOoA; 1+0°. S l o p e  ■= (2 .^ 9  ±  
. 2 9 ) x  107  s e c .
3 541 2
‘ (P rSH)0 /(QH)
FIGURE 7b. Thiol alkyl group vs. dioxane; 5000^ -i 4-0°.
Slope * (2.26 ± .17) x 107 sec.
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TABLE V III
QH IS METHANOL; 3000A; 40°
CONDITIONS
No.
(PrSH)o
( m o l e s / l )
(QH)0
( m o l e s / 1 )
t
( s e c . x l O - 4 )
, AUth
(DPM/mole
x l O ' 1 0 )
(PrSHjo
(QH)n
65 5 .6 4 1 2 .08 1*. 11* 1 .094 0 . 4 7
66 10 .22 1 .6 3 4 .3 2 2 .951 6 . 2 7
67 9 .2 1 3-97 4 • 32 2 .3 9 1 2 . 3 2
68 7*vr 7 -9 9 4 •32 1 .6 4 9 0 . 9 3
RESULTS
No.
A
(DPM/mole
x lO - 7 )
(PrSH)0 /(QH)o 
A/A^h 
( s e c . x l O " 7 )
t A(DPM/mol
x l O ' 7 )
(PrSH)0 /(QH )0 
e A/A°h C 
( s e c . x l O ’ 7 )
M ethanol  - T o t a l  A c t i v i t y : T h i o l  A lk y l  Group A c t i v i t y :
65 .178 11 .9 1 .031 2 . 0 6
66 1 .0 3 77 4 .2 0 0 19 .03
67 •75 33 2 .6 7 0 8 . 5 9
68 - - 1 .705 3 .8 8
70
o
4-1
CO
10
2 6 84
(PrSH)0 /(Q H)0
FIGURE 8a .  QH i s  m e t h a n o l ;  k 0 ° . S l o p e  * ( 1 1 . 0  ±
1 . 6 ) x 107  s e c .
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H
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642
(P rSH)o /(QH)0
FIGURE 8 b .  T h i o l  a l k y l  g ro u p  v s .  m e t h a n o l .
( 2 . 8 8  ±  - 111-) x  107 s e c .
I
8
S lo p e  *
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TABLE IX 
QH IS  ETHANOL; 3QQoiU 40°
CONDITIONS
No.
(PrSH)o 
( m o l e s / 1 )
(QH)o
( m o l e s / 1 ) ( sec
A°
t  (DPM/mole (PrSH)n 
• x lO - 4 } XlO"1 0 ) ( OH)r>
69 7 . 4 4 5 - 4 8 *+.23 1 .9 7 2  1 .3 6
70 8 .*1-5 3 .8 7 4 . 3 2 2 . 3 4 6  2 . 1 8
71 9 - 7 6 1 . 6 3 *1■•32 2 . 9 3 2  5 -99
RESULTS
No.
A
(DPM/mole
xlO *7 )
(PrSH)o/(QH)o  
, A/At h - ,( s e c . x l O " T )
t A(DPM/mole
x lO " 7 )
(P rSH)n/(QH)n . 
A/A?h 
( s e c . x l O - 7 )
E t h a n o l -  T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
69 ^ -05 2 . 8 0 2 .2 T 3 5 .0 0
70 5 . 9 ^ 3 .72 2 . 6 7 3 8 . 2 7
71 1 0 .6 9 7 . 0 9 4 .0 1 7 1 8 .9 4
(P
rS
H
W
(Q
H
)
7
5
x:
s 3<!
1
82 4 6
(P rS H )o / (Q H )0
FIGURE 9 a .  QH i s  e t h a n o l ;  5000A; k 0 ° . S l o p e  * ( 0 . 9 1 0  db 
. 0 5 7 ) x 107  s e c .
138
20
0,0o
10
862 4
(P rSH)o / ( 0 H ) o
FIGURE 9b* Thiol alkyl group vs. ethanol; 3000A; U0°.
Slope = (2.9^ ± *18) x 107 sec.
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TABLE X 
QH IS  2 -PROPANOL; 30QoA; 40°
CONDITIONS
No.
(PrSH)o  
( m o l e s / 1 )
(QH)o 
( m o l e s / 1 )
t
( s e c . x l O - 4 )
At h
(DPM/mole
xlO_1° )
(PrSH)Q
(0H)r>
59 7 . 1 1 4 - 5 4 4 .3 2 1 .1 9 2 1*57
60 3-97 8 . 4 5 4 . 3 2 0 .6 2 4 0 . 4 7
61 9*84 1 . 2 6 4 . 3 2 1 -729 7 -8 1
58 8 . 9 1 2 . 5 4 4 . 3 2 1 .0 4 4 3-51
RESULTS
No.
A
(DPM/mole
x lO - 7 )
(prSH W ( Q H ) n ,
, A/A*h( s e c . x l O " ” )
A
(DPM/mole
xlO*7 )
(P rSH W (.Q H jo
, A' Ath  ^ . 
( s e c . x l O  )
2 - P r o p a n o l  -  T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
59 1 1 .5 7 0 . 6 9 9 1 .2 1 7 6 . 6 5
60 3 .9 0 0 .3 2 5 O .678 1 . 8 7
61 2 1 . 8 1 2 . 6 8 2 . 1 5 8 2 7 . 0 0
58 — 1 .0 9 9 14 .41
3 0
o
20
o
0 * J
O'CO
10
1042 6 8
(P rSH)0 / (Q H )0
FIGURE 1 0 a .  QH i s  2 - p r o p a n o l ;  JOOoA.; lj-00 . S lo p e  ■ 
( 3 .2 1  ±  . 0 6 ) x 10® s e c .
(P
rS
H
W
(O
H
)
3 0
o
20
<
<
10
6 8 1 02 4
(P rSH)0 / (Q H )0
FIGURE 10b .  T h i o l  a l k y l  g ro u p  v s .  2 - p r o p a n o l ;  3 0 0 0 ^ ;
lfO°. S l o p e  * ( ? . 5 7  *  - 3 l )  x 10r  s e c .
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TABLE XI 
OH IS BENZYL ALCOHOL; 3Q00iL 4 0 °
CONDITIONS
N o.
(P r S H )o
( m o l e s / l )
(QH)o
( m o l e s /1
t
( s e c - x l O - 4 )
At h
(DPM/mole
x l O ' 1 0 )
iPirSH)0 
( QH)o
?6 T O T 3 .O7 4 . 2 0 2 . 4 0 0 2 . 4 0
TT 8 0 8 1 - 9 T 4 . 2 0 2 .T T 5 4 . 4 6
T8 9 .8 8 O .92 4 . 3 2 3 . 1 0 9 10.74
T9 8 .1 2 2 . 4 9 4 . 3 2 0 .9 8 7 3 .2 6
80 9* IT 1 0 6 4 . 2 9 1.110 5 . 8 8
RESULTS
N o .
A
(DPM/mole
x lO - 7 )
( P r S H ) o / ( QH)q 
A/A&,
( s e c  .x lO - 7 )
A
(DPM/mole
x lO "7 )
( PrSH)Q/ ( QH)q
A/A?h C 
( s e c . x l O ” 7 )
Benzy l A lc o h o l  - T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
7 6 1 8 3 . 7 .1 3 1 2 .3 6 0 10.26
7T 3 6 7 . 5 . 1 4 2 2 . 6 5 T 1 9 . 2 6
7 8 8 6 0 .8 .169 4 . 5 9 8 3 1 - 3 0
T9 T O .5 .19T • T35 1 8 . 9 1
80 1 5 4 . 9 .181 1.120 25 .01
Benzyl A lc o h o l  - R in g  A c t i v i t y :
7 6 2 . T 0 8 8 . 9 4
TT 3 . 0 2 3 17.21
7 8 3.862 3 T - 2 4
7 9 1 . 0 5 4 1 3 . 1 9
80 1 . 4 1 5 1 9 - T 9
te
aM
afo 
t (
8ec
., 
10
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)
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(P rSH )0 / (Q H )0
FIGURE 11a .  QH i s  b e n z y l  a l c o h o l ;  3000A; U 0 ° . R in g  
a c t i v i t y  o n l y ;  s l o p e  ■ ( 3*27 i  *15 ) x 107 s e c .
1UU
32
2 4
o
16
<0<
104 6 82
(P rSH )0 /(QH)o
FIGURE l i b .  T h i o l  a l k y l  g ro u p  v s .  b e n z y l  a l c o h o l ;  
3 0 0 0 i ;  4 0 ° .  S l o p e  -  ( 2 .1 8  ±  -5 3 )  x 10T s e c .
U 5
TABLE X I I  
OH IS  CYCLOHEXANE: 3QOQA; 40°
CONDITIONS
No.
(PrSH)o  
( m o l e s / 1 )
(QH)o
( m o l e s / 1 )
t
( s e c . x l O “4 )
A?h
(DPM/mole
xlO*1 0 )
(PrSH)o
(QH)o
41 3*65 6 . 1 2 4 . 5 2 3-181 0 . 6 0
42 9 - 2 1 1 .5 1 4 . 5 2 3 .1 8 1 6 . 1 0
7 . 5 1 2 . 8 8 4 . 3 2 3 .1 8 1 2 . 6 1
44 6 . 6 8 3-53 4 . 3 2 3-181 1 .8 8
RESULTS
A
(DPM/mole 
No. x l O _T)
(P rSH )0 / (QH )0
A/A^h 1 
( s e c . x l O - 7 )
A
(DPM/mole
x lO " 7 )
A/ 4 h
( s e c . x l O - 7 )
C y c lo h ex a n e  - T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
4 l  5 .8 3 0 1 .4 1 4 1 4 .5 9 0 .5 6 5
42 6 . 5 2 3 1 2 .8 6 7 . 5 2 1 1 .1 3
43  6 .6 3 7 5 -41 8 . 7 4 4 . 1 0
44 6 .1 5 5 4 . 1 9 9 . 6 8 2 . 6 7
J_ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ ! _
2 4  6  8
(p r S H )0 /(Q H )0
FIGURE 1 2 a .  QH I s  c y c l o h e x a n e ;  3000^-1 ^ 0 ° .  S lo p e  *  
( 2 . 0 8  ±  . 1 6 )  x 107  s e c .
ivr
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1 0
8
4J
O
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4
2
62 4
(P r S H )0 / (Q H ) 0
FIGURE 12b. Thiol alkyl group vs. cyclohexane; 3000A;
40°. Slope » (1.95 ± .06) x 10T sec.
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TABLE X I I I  
OH IS HEXANE; 3000;  40°
CONDITIONS
(PrSH)o  (QH)o t  (DPM/mole (P rSH )o
No. ( m o l e s / l ) ______( m o l e s / 1 )_______( sec  . x ! 0 ~ 4 )______ xlQ~l p _)______ ( QH)n
90  5 -55  3 .6 5  4 . 3 2  2 . 2 4 5  1 .5 2
91 7 - 7 4  2 . 2 0  4 . 3 2  2 .2 4 5  3 .5 2
92 8 . 5 0  1 .7 2  4 . 3 2  2 .2 4 5  4 . 9 4
93 9 - 2 0  1 .2 0  4 . 3 2  2 . 2 4 5  7 . 6 7
RESULTS
No.
A
(DPM/mole
x lO ”7 )
(PrSH)a/£QH2o t  
A/A?h ,
( s e c . x l O - ” )
A
(DPM/mole
x lO*7 )
(PrSH)0y ( q H )0
,  A/A?h
( s e c . x l O - 7 )
Hexane - T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
90 1 . 9 6 3 7 .5 0 9 4 .0 7 4 3 .6 1 9
91 2 . 3 1 4 1 4 .76 3 .7 5 8 9 -0 8 4
92 2 . 3 4 6 2 0 .4 2 3 -764 1 2 .7 3
93 2 . 2 2 6 33*41 - - - -
40
30
"  20
O 'to
PU
2 4  6  E 10
(P rSH)o / (Q H )0
FIGURE I3a. QH is hexane; 3000Jt; U0°. Slope -
(iv.2U ± .22) x 107 sec.
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FIGURE 13b. Thiol alkyl group vs. hexane; 3000&; 40°.
Slope = (2 . 6 7  ± *03) x 107 sec.
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TABLE XIV 
QH IS DODECANE; 3000^; 40°
CONDITIONS
No.
(PrSH)o 
( m o l e s / 1 }
(QH)o 
(m o l e s / 1 )
t
( s e c . x l O - 4 )
Ath
(DPM/mole
x l O ' 1 0 )
(PrSH)n
82 3 - 5 8 2 . 9 0 4 . 3 2 1 .2 9 0 1 .2 3
83 5 . 2 4 2 . 2 5 4 . 2 3 1 .2 9 0 2 . 3 3
84 7 . 0 3 1 . 4 6 4 . 3 2 1 .2 9 0 4 . 8 2
85 8 .6 0 0 . 9 4 4 . 3 2 1 .2 9 0 9*15
RESULTS
No.
A
(DPM/mole
x lO "7 )
(P rSH )o / (Q H )o  
A/Ath( s e c . x l O  ~ )
A
(DPM/mole 
x lO "T )
A/A?h
( s e c .x l O  ~ )
Dodecane - T o t a l  A c t i v i t y : T h io l  A lk y l  Group A c t i v i t y :
82 1 .8 7 9 3 .6 4 9 3 .232 2 .1 2 1
83 2 .6 3 2 4 .8 3 0 - -
84 2 . 1 8 7 1 2 .2 8 1 .737 15-46
85 2 . 3 8 3 2 1 .4 0 1 .781 2 8 . 6 4
(P
rS
H
)0
/(
Q
H
)
30
25
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5 -
1084 62
(PrSH )0 /(Q H )o
FIGURE llj-a. QH is dodecane; 3000i; 1*0°. Slope -
(2.52 ± .15) x 107 sec.
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FIGURE llj-b. Thiol alkyl group vs. dodecane; 3000A; U0°.
Slope = ( 3 . 3 k ± .19) * 107 sec.
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TABLE XV
QH IS  2 . 3-DIMETHYLBUTANE: 3000 il; 4 0 °
CONDITIONS
No.
(P rSH)o
( m o l e s / l )
(QH)o
( m o l e s / l )
t
( s e c . x l O ' 4 )
AO
(DPM/mole
x lO " 1 0 )
(PrSH)Q
(QH)o
86 3 -7 2 4 . 9 5 U.32 1 .225 0 . 7 5
87 7 . 4 3 2 . 4 3 If .50 1 .225 3 . 0 6
88 8 . 4 6 1 . 7 5 4 . 3 2 1 .225 4 . 8 9
89 9 . 5 0 1 .1 8 4 . 3 2 1 .225 7*88
RE s u n :s
No.
A
(DPM/mole 
x lO " 7 )
.(P rS H lo /fQ H V  
A/A?h '
( s e c . x l 0 “7 )
A
(DPM/mole
x lO "7 )
(P rS H ja / ( f iH j0 
( s e c . x l O - 7 )
2 , 3 - D i m e t h y l b u t a n e - T o t a l  A c t i v i t y : T h i o l  A lk y l  Group A c t i v i t y :
86 1 .7 0 8 2 . 3 2 3 .0 5 0 1 .3 1
87 1 .8 7 5 9 - 0 3 2 . 2 5 7 7 .5 1
88 2 .0 3 0 1 2 .7 8 2 . 0 8 9 12 .45
89 2 .2 0 1 1 9 .0 3 2 .0 1 2 2 0 . 7 7
Ul
f o S H M g f a  t  (Me> x 1 q . 7 )
QH th
O
T
Cn
T
K)
O
vs
>•
-p-oo
Ui
«-*oT)(D
ro
•
—3 v*i
H-
Ovji
o
ureo
►flM0
1PJ
V/lCT"
H3"
SC•<
00rloc•o
<(0
ro
V>Ji
Cl
t-*are
rr
3“
t-*o*c
rrn>3re
Ua a M g ? B t ( s e c . ,  10- T)
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cn toO
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TABLE XVI 
OH IS p-METHOXYTOLUENE; 5QOQA; 40°
CONDITIONS
No.
(P rSH )o  
( m o l e s / l )
(QH)o
( m o l e s / l )
t
( s e c . x l O " 4 )
At h
(DPM/mole
x lO - 1 0 )
(P rSH)n
(QH)o
98 5 - ^ 0 3 . 8 7 4 . 4 1 4 . 8 2 7 1 . 4 0
9 9 7 - 4 0 2 . 5 7 4 . 2 3 4 . 8 2 7 2 . 8 8
100 8 . 4 6 1 .8 2 4 . 4 1 4 . 8 2 7 4 . 6 5
101 9 . 1 3 1 . 5 0 4 . 3 2 4 , 8 2 7 7 . 0 2
RESULTS
A
(DPM/mole 
No. x lO * 7 )
(P rS H )0 /(Q H )0
A/A^h 11
( s e c . x l O - 7 )
A
(DPM/mole 
x l O ' 7 ) . .
„v_P r  ? H.) q /  ( QHja 
A /A?h C
( s e c . x l O - 7 )
p - M e t h o x y t o l u e n e  - T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
98 19 • 52 1 .5 2 7 8 . 3 ^ 5 3 .5 7 1
99  2 5 . 3 3 2 . 3 2 1 6 . 2 9 9 9 . 3 3 6
100 3 1 . 59 3 .1 3 4 6 . 3 8 3 15 .51
101 3 6 .7 9
p - M e t h o x v t o l u e n e  -
9 8  1 2 . 4 6
3 -9 7 9
R in g  A c t i v i t y :  
2 . 3 9 2
6 . 1 5 6  2 3 . 7 8  
p - M e t h o x y t o l u e n e  -  S id e  
C h a i n  A c t i v i t y :
7 .0 6  4 . 2 2 4
9 9  1 5 -64 3 .7 6 0 9 . 8 7 5 .9 5 8
100 1 8 .5 4 5 . 3 ^ 0 1 3 .0 5 7 . 5 9 0
101 2 4 . 4 1 5 . 9 9 8 1 2 .3 8 11 .8 3 5
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FIGURE 1 6 a .  QH i s  p - m e t h o x y t o l u e n e ; 3OO0 A; k0° .
4  T o t a l  A c t i v i t y ;  S l o p e  = ( ^ - 3 ^  ± *29) x  10® s e c .
■ R i n g  A c t i v i t y ;  S l o p e  ** ( 6 .U8  ±  1 . 2 0 )  x  10s  s e c .
#  S i d e  C h a i n  A c t i v i t y ;  S l o p e  = ( 1 . 3 3  i  -1^-) x  107  s e c .
24
20
►»
<
2 4 86
(P r S H ) o / (Q H ) o
FIGURE 16b. Thiol alkyl group vs. p-methoxytoluene;
3OO0A; U0°. Slope = (3.58 ± .06) x 107 sec.
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TABLE XVII 
OH IS p-XYLENE; 5000A; 40°
CONDITIONS
No.
(PrSH)o  
( m o l e s / l )
(QH)o
( m o l e s / l )
t
( s e c . x l O ' 4 )
A°
( DPM/mole 
x l O ' 1 0 )
(PrSH)n
(QH)o
94 5-72 3 -9 4 4 . 3 2 4 .8 2 7 1 .45
95 7 -6 6 2 . 3U 4 . 2 0 4 .8 2 7 3 -2 7
96 8 .8 5 1-55 4 . 3 2 4 .8 2 7 5 .7 1
97 9 - 5 7 1 .05 4 . 4 l 4 . 8 2 7 9 . U
RESULTS
No.
A
(DPM/mole 
x lO "7 )
(P rS H W ( Q H ) n
A/A?h
( s e c . x l O " 7 )
t A(DPM/mol
x lO - 7 )
l P r S H ) a / (Q H )0 
e A/A?h
( s e c . x l O " 7 )
p -X y le n e  - T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
94 2 3 - 3 4 1 .295 9 . 0 3 7 3 -346
95 2 4 .3 5 2 .6 8 4 7 .3 9 2 8 .8 4 0
96 3 0 .8 6 3 .8 5 8 7 . 4 2 1 1 6 .0 4
97 3 0 .31 6 .3 9 7 7*482 2 5 .9 2
p -X y le ne - R ing  A c t i v i t y : p -X y len e - S id e  C ha in  A c t i v i
94 1 6 .8 0 1 .800 6 .54 4 . 6 2 3
95 1 5 .52 4 .2 7 2 8 .8 3 7 . 5 0 7
96 1 9 .57 6 . 0 8 3 H .29 10 .545
97 1 9 .6 6 9 . 8 6 3 10 .65 18 .207
(P
rS
H
W
(Q
H
)
161
24
20
o
O'
2 4 6 8 10
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FIGURE I T a .  QH i s  p - x y l e n e ;  5OO0A; k0° . A T o t a l  
a c t i v i t y ;  s l o p e  * ( 6 .51  ±  *38) x 106 s e c .  ■ R ing  
a c t i v i t y ;  s l o p e  = ( 1 . 0 2  ± . 0 6 )  x~10T s e c .  •  S id e  
c h a i n  a c t i v i t y ;  s l o p e  = ( l .75  ^  *17 ) x  l ^7 s e c .
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FIGURE 17b. Thiol alkyl group vs. p-xylene; 5OO0A;
^0°. Slope * ( 2 . 9 b ± .02) x 107 sec.
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TABLE XVIII  
QH IS METHYL p-TOLUATE; 3QO0X; 40°
______________________________________CONDITIONS___________________________________
A?h
(PrSH)o (QH)o t  (DPM/tnole (PrSH)n
N o. (m oles  / I )______ ( m o l e s / 1 )______ ( sec  . x l O " 4 )______ x lO -10 _)______ ( OH )n
121 8 . 4 3  1 -5 7  4 .4 1  4 .9 7 5  5 -37
122 9 .1 5  1 .1 3  4 .3 2  4 -975  8 .1 0
RESULTS
No.
A
(DPM/mole
x l Q - 7 )
( P r S H l n / ( QH)n
,  A/A? h . , %
( s e c . x l Q  )
(DPM/mole 
xlO~7 )
(P rSH)n / ( 0 H ) n 
( s e c . x ! 0 ~y )
M eth y l  p - T o l u a t e
121 1 8 .5 7
122 2 1 . 9 4
M e th y l  p - T o l u a t e  
121 1 7 .3 9
122 19-93
T o t a l  A c t l v i t y :
6 .3 4 5  
7 -9 3 2  
R in g  A c t i v l t y : 
6 .7 7 4  
8 .7 3 3
T h i o l  A lk y l  Group A c t i v i t y ;
2 . 6 8 4  
2.816  
M ethy l  p - T o l u a t e  
1 .1 8  
1 .8 0
4 3 . 9 3  
61.82  
S i d e  C h a in  A c t i v i t y  
9 9 . 8 4  ± 2 2 .
9 6 .7 1  ± 8 .
k
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FIGURE 1 8 a .  QH I s  m e th y l  p - t o l u a t e ;  3000&; 4 0 ° .  A T o t a l  
a c t i v i t y ;  s l o p e  * 5 .8  x 10s  s e c .  ■ R in g  a c t i v i t y ;  s l o p e  *• 
7 . 1  x  10® s e c .  #  S i d e  c h a i n  a c t i v i t y  ( r e a d  r i g h t  o r d i n a t e ) ;  
s l o p e  = 14. x  107  s e c .
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FIGURE l 8 b .  T h i o l  a l k y l  g roup  v s .  m e th y l  p - t o l u a t e ;
30001; H0°. S lo p e  -  6.5 x  107 s e c .
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TABLE XIX
QH IS BENZENE; 3OO0 X; 40°
CONDITIONS
No.
(PrSH)o
( m o l e s / 1 )
/ A?h(QH)o t  (DPM/mole 
( m o l e s / l )  ( s e c . x l O - 4 ) x lO _1° )
(PrSH)n
( qh)o ._
159 5 .7 6 7 .5 8  4 . 6 6 2 .0 0 0 0 .5 1
140 7 . 2 6 5 .7 1  5 -99 2 .0 0 0 1 .9 6
141 8 . 7 9 2 .2 2  4 . 5 4 2 .0 0 0 5 .9 6
142 9 . 5 0 1 .4 5  4 . 4 2 2 .0 0 0 6 . 5 5
RESULTS
No.
A
( DPM/mole 
x lO “7 )
(P rSH)n/(QH)n  A
A/A°h c (DPM/mole 
( s e c . x l O * 7 ) xlO~7 )
(PrSH)Q/(QH)o  t  
A/A'Jh C
( s e c . x l O ”7 )
Benzene - T o t a l  A c t i v i t y :  T h i o l  A l k y l  Group A c t i v i t y :
159 4 -3 8 3 1 .0 8 4  7 -4 1 2 .641
140 5 .905 4 . 0 0 6  4 .2 0 1 5 .7 2 5
141 4 .7 9 1 7 .5 0 5  4 . 7 4 8 7 - 5 7 3
142 4 . 2 5 8 1 3 .6 0  5 -5 9 8 1 7 .04
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FIGURE 19a. QH is benzene; 3OO0I; k0° . Slope =
(2.05 ± *09) x 107 sec.
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FIGURE 19b. Thiol alkyl group vs. benzene; 3000A; A-0°.
Slope * (2.68 ± .^l) * 107 sec.
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TABLE XX 
QH IS CYCLOHEXANE; 3000JL; 10°
CONDITIONS
No.
(PrSH)o
( m o l e s / l )
(QH)o
( m o l e s / 1 )
t
( s e c . x l O “4 )
(DPM/mole 
x lO _1° )
(PrSH)n
(QH)o
129 5-29 4 . 7 1 4 . 2 0 3 .0 9 2 1 .1 2
150 7 . 2 k 3 .0 7 4 . 3 2 3 .0 9 2 2 . 3 6
152 3 . 8 3 5 .9 2 4 . 4 1 2 .6 1 0 0 .6 5
133 8 .6 1 1 .9 8 4 . 2 3 2 .6 1 0 4 .3 5
134 9*38 1 .1 6 4 . 3 2 2 .6 1 0 8 .0 9
RESULTS
No.
A
(DPM/mole
x lO "7 )
(P rSH )n / (Q H )n 
A/A^h 
( s e c . x ! 0 “7 )
A
(DPM/mol
xlO~7 )
( P r S H W ( Q H ) o  
e A/A?h C 
( s e c . x l O - 7 )
C v c lo h ex a n e  - T o t a l  A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
129 4 . 1 2 3 . 5 3 9*44 1.51+
130 4 .66 6 . 7 7 6.1+9 4 . 8 6
132 3 . ^ 9 2 . 1 5 8 . 9 3 .838
133 4 . 1 4 1 1 .61 5 . 3 3 9 .0 2
134 4 . 0 8 2 2 .3 5 1+.9 I+ 1 8 .47
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FIGURE 2 0 a .  QH i s  c y c lo h e x a n e ;  3000A; 1 0 ° .  S lo p e  =
( 2 .6 9  ± -0 5 ) x 107  s e c .
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FIGURE 20b. Thiol alkyl group vs. cyclohexane; 3000jl;
10°. Slope = (2.38 ± .05) x 107 sec.
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TABLE XXI 
QH IS CYCLOHEXANE; 3000A; 7 1 . 5 °
CONDITIONS
No.
(PrSH)o
( m o l e s / l )
(QH)o
( m o l e s / 1 )
t  (DPM/mole 
( s e c . x l O ”4 ) x l 0 “l o J
(P rSH lo
(0H)o
135 5 .6 2 4 . 4 0 4 . 5 2 2 .6 1 0 1 .2 8
136 7 . 8 3 2 . 6 5 4 . 5 2 2 . 6 1 0 2 . 9 5
137 8 . 6 4 1 .9 4 4 . 5 2 2 .6 1 0 4 .4 5
138 9 .7 0 1 .0 2 4 . 5 2 2 .6 1 0 9 . 5 1
RESULTS
No.
A
(DPM/mole
xlO~7 )
( P rS H )o / (0 H ) o
A M ? h _
( s e c . x l O  7 )
t A(DPM/mole
x lO " 7 )
( P r S H W ( Q H ) o
A/A^h t  
( s e c . x l O  7 )
C y c lo h ex a n e  -  T o t a l A c t i v i t y : T h i o l  A l k y l  Group A c t i v i t y :
135 5 .2 8 4 2 .7 3 1 7 -9 7 5 1 .8 1 0
136 6 .7 8 8 4 .9 0 0 8 .0 2 0 4 . 1 4 7
137 4 .7 8 1 1 0 .4 9 5 .4 3 0 9 .2 4 0
158 6 .4 8 4 1 6 .5 4 5 .8 9 9 1 8 .1 8
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FIGURE 2 1 a .  QH i s  c y c lo h e x a n e ;  JOOoA; 7 1 . 5 ° .  S lo p e  =
( 1.70  ± . 2 7 ) x 107 s e c .
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FIGURE 21b. Thiol alkyl group vs. cyclohexane; 5000i;
71.5°- Slope * (2.0? ± .It) x 107 sec.
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